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SOIL FERTILITY, POPULATION, AND THE ANCIENT MAYA* 
By Ursuta M. Cowe inn 
OSBORN ZOOLOGICAL LABORATORY, YALE UNIVERSITY 
Communicated by G. Evelyn Hutchinson, June 17, 1960 


Some years ago the Carnegie Institution of Washington became interested in the 
agricultural practices of the corn farmers of northern Yucatan, primarily for the 
purpose of determining how much food was presently being produced and how 
much might be produced, using primitive techniques, if the land were used to full 
capacity. A basis for estimating pre-Columbian population densities was also 
desirable. 

Archaeologists interested in problems concerning the prehistoric subsistence 
base and population density in the southern Maya lowlands, particularly in the 
present Department of the Petén, Guatemala, have had to rely on the results of 
these studies in northern Yucatan, since there were no better data available. This 
has been unsatisfactory for 2 reasons. Tirst, workers'~‘ in northern Yucatan have 
published results that disagree with one another. In particular, their opinions are 
contradictory concerning the question of whether the decline in yields that forces 
abandonment of a field after a few years is due chiefly to loss in soil fertility or to 
weed competition. Since no feasible source of preconquest fertilizer is known, 
if the decline is due to fertility loss, the productivity of the land cannot have 
been much greater in the past than it is at present, while if the decline is due to 
weed competition, it would have been possible to increase yield by more laborious 
weeding. Secondly, however good the data for northern Yucatan were, it would 
be hazardous to extrapolate them to the central Petén since the latter region is older 
geologically® and has 60 per cent more rainfall.® 

lor these reasons, it was felt desirable to obtain data specific to the central Petén 
and to determine to what the yield decline was due. This is the region of large 
Maya sites such as Tikal and Uaxacttin. Forty corn farmers in the Lake Petén 
region were interviewed as to their agricultural practices in May, 1959. The con- 
dition of plants growing in their fields was observed and soil samples were taken of 
fields which had been cleared for the first year, fields cleared for the second year, 
areas which had been previously cropped and had been left to revert to bush, and of 
land intended for use next year. 

Corn may be planted in this region three times a year. The crops are known as 
regular, San José, and Yaxkin. The latter two are emergency chance crops which 
are planted if the regular has yielded poorly. The San José is a dry season crop and 
is planted in the low swampy places while the Yaxkin is a wet season crop, and is 
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sown in the highest and steepest portions of the region. Cultivated crops other 
than corn are planted concurrently with the regular crop, but it is rare to find these 
in the fields of the emergency chance crops. 

The general procedure is to choose the land according to the type of corn crop 
to be grown, clear it, allow the debris to dry, burn it, plant, using a dibble stick, 
weed about one month after planting, and, once the crop has matured, harvest 
and store it. 

Average reported yields for the regular crop were 1,425 pounds of cob corn per 
acre for the first year, 1,010 pounds per acre for the second year, 1,195 pounds per 
acre for the San José crop and 925 pounds per acre for the Yaxkin. The corn 
farmers’ ability to estimate yield was verified by weighing. The rate of planting 
tends to be less for the emergency chance crops than it is for the regular one. 

Three methods were used to estimate the optimum length of the cycle of use and 
rest. Farmers were asked how long the land they were using this year had rested, 
and also how long they felt it needed to rest, after it had supported one or two crops 
in succession. They were also questioned about specific instances in which they 
had used a field for one or two years, allowed it to rest for a given length of time, 
and what the yield was on replanting. Reported yields were then plotted as a 
function of years of rest. Straight lines were fitted to the data by the least squares 
method. The results obtained by the three methods of analysis were in good 
agreement, indicating that four years of rest are needed after one crop and seven 
after two crops. 

Considering reported yields, length of cycle, and the reported annual consumption 


of 636 pounds of seed corn per person, it appears that 150 to 200 people can be 
supported per square mile of arable land. If nonarable land is included in the 
calculation the figure varies from 100 to 200 people per square mile. 


Employing steel tools, one man can supply the annual food needs of 12.6 people 
or two households. With stone tools this figure would be less; however, it is 
safe to conclude that considerable labor would be available for construction of 
monumental ceremonial centers and specialist activities. 

While data on the number of prehistoric dwellings occupied at any single time 
are still very incomplete, the size and number of ceremonial centers can be accounted 
for by a population well below the limit set by slash and burn farming. It is, 
therefore, very unlikely that Classic Maya culture declined in this area due to 
agricultural inadequacies. 

Oxidizable organic matter,’ total nitrogen,’ plant available phosphorus,’ ex- 
changeable sodium, potassium, calcium, magnesium,'’ and pH'! were determined 
on 152 soil samples. The results were analyzed by a 3-factorial nonorthogonal 
statistical design'? wherein the effects of slope, location within eight geographical 
subregions around Lake Petén, and the agricultural cycle were isolated. 

The results indicate that with increasing cultivation there is a significant de- 
crease in all nutrients and pH. This conclusion is also substantiated by field ob- 
servations where second year plots showed more deficiency symptoms than first 
year fields. No significant relationship was found between weed density and yields 
of either first or second year plots. There is no significant difference in number of 
weeds per acre between first and second year fields. Hence, it may be concluded 
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that the cause of yield decline is due to a loss in soil fertility and not due to weed 


competition. 


The author is indebted to the many individuals who assisted during the course 
of the study, and particularly to Professors G. E. Hutchinson and E. 8. Deevey of 
Yale University for their criticisms, suggestions, and facilities. 

* The field work of this study was partially supported by the Henry and Grace E. Doherty 
Charitable Foundation, Inc. 
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FEATURES OF THE ELECTRONIC STRUCTURE OF THE 
IRON-PORPHYRIN COMPLEXES WITH SPECIAL REFERENCE TO THE 
OXIDO-REDUCTIVE PROPERTIES OF CYTOCHROM ES* 


By BERNARD PULLMAN, CLAUDE SPANJAARD, AND GASTON BERTHIER 
UNIVERSITE DE PARIS, INSTITUT DE BIOLOGIE PHYSICO-CHIMIQUE, PARIS 
Communicated by Albert Szent-Gyérgyi, May 25, 1960 


The method of molecular orbitals of quantum chemistry! has been used for the 
study of the electronic structure of the iron-porphyrin complexes of biological 
importance. The hemoproteins which carry these complexes may be classified 
into three principal groups: (a) the oxygen carrying hemoproteins, (b) the cyto- 
chromes, which are electron-transfer agents, and (c) several important enzymes 
such as catalase or peroxidase. 

From the physico-chemical point of view the iron-porphyrin complexes may be 
considered as being of two fundamental types?: (1) the so-called “ionic complexes” 
characterized by the presence of a large number of unpaired electrons (4 in ferrous 
complexes and 5 in ferric complexes), the outstanding examples of which are hemo- 
globin and myoglobin and (2) the so-called “‘covalent complexes”’ which either have 
no unpaired electrons (e.g. oxyhemoglobin and ferrocytochrome c), or have one 
such electron (e.g. ferricytochrome c).* In modern ligand field theory these 
two types of complexes correspond to electron configurations for the metal ions in 
octahedral coordination which are respectively of high and low spin.‘ Effectively 
in this theory the five 3d levels of the transition metals are split in the field of the 
ligand (a cubic force field) into two kinds: 
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(a) those which point in the direction of maximum intensity of the field and which 
may form o bonds. These are the d,2 and d,.-,2 orbitals (d_, orbitals) ; 

(b) those which bisect these directions and which may form 7 bonds. These are 
the d,,, d,,, and d,, orbitals (d, orbitals). 

The electron configurations for the Fe++ and Fe+++ ions in octahedral coordina- 
tion which correspond to the two types of possible complexes are shown in Table 
1. The total spins are obtained by applying Hundt’s rules of maximum multi- 
plicity. 


TABLE | 
ELECTRON CONFIGURATIONS OF THE CATION IN [RON-PORPHYRIN COMPLEXES 
Electron 
Ion configuration Total spin Type 

Fet+ (de)* (dy)? 2 High spin—essentially ionic 
(de)® 0 Low spin—essentially covalent 

Fet+++ (de)*® (dy)? 2'/. High spin—essentially ionic 
(de)® 1/, Low spin—essentially covalent 


As will be indicated in the description of the method of calculation, the cation 
may act, in its interaction with the ligand, as an electron-acceptor in o bond for- 


mation or as an electron-donor in a bond formation. The distinction between 
the two types of complexes corresponds largely to the participation of the 3d 
electrons to the binding in the covalent complexes and to the absence of such a 
participation in ionic complexes. 


The Method.—The method employed is the molecular orbital method in its L.C.A.O. approxi- 
mation, overlap included, the fundamental aim of the work being the determination of the molec- 
ular orbitals which may establish themselves between the electronic orbitals of the porphyrin 
ring and those of the metal cation. For reasons of simplicity most of our calculations have been 
carried out as far as the porphyrins are concerned with an unsubstituted porphin ring. It seems 
nevertheless highly probable that they are well representative of the general nature of the princi- 
pal types of electronic interactions which may manifest themselves between the metal cation and 
the different types of substituted porphyrins corresponding to the compounds considered in this 
paper. Most of the substituents fixed in biochemicals on the periphery of the porphin ring are 
saturated groups but, in fact, even the direct conjugation of, say, two vinyl groups with the por- 
phin ring (as in protoporphyrin) may bring about only small modifications in the electronic proper- 
ties of the ring. This has been effectively established in the case of metal free porphyrins* and 
most probably holds also for the iron porphyrin complexes. 

As a preliminary condition for the establishment of molecular orbitals common to the cation- 
porphyrin complex, there are the symmetry requirements. The porphin molecule is a planar 
conjugated skeleton belonging to the symmetry group D,,. Its ¢ and x molecular orbitals belong 
consequently to the different irreducible representations of the group which are Aig, Ain, Arg, Aeu, 
Big, Biu, Bog, Bor, E1g, and Eyy.5 

Building of the molecular orbitals of the complex: (1) x-orbitals:—The x orbitals of the porphin 
correspond to the Ajy, Asx, Big, Bog, and Eig representations. The z orbitals of the iron cation 
which may combine with those of the porphin must belong to the same representations. The 
ones which obey this condition are 3dzy and 3d,; (#ig) and 4pz (A2,). Consequently: 

(a) In ionic complexes, whether ferrous or ferric, in which the d orbitals of iron do not par- 
ticipate in the binding, the only orbital of the iron which combines with those of the porphyrin 
is its 4p, orbital, which is vacant in the isolated metal. In the ferrous complexes the iron con- 
serves one 3d lone pair and four unpaired 3d electrons, in the ferric complexes it conserves five un- 
paired electrons. 

(b) In covalent ferrous complexes, the iron contributes four 3d electrons to the x binding of 
the complex. These four d electrons come from the 3d;, and 3d,z orbitals. Effectively, the 
measurement of magnetic susceptibilities or electron resonance® of a number of metal complexes of 
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porphyrins and phthalocyanines have indicated, as the most probable arrangement of the 3d or- 
bitals in the metals, the following one: 


3d,2 
3d.2 


, 3d 
3dzy 


yz 


In the ferrous covalent complexes, the six available 3d electrons will occupy in pairs the three 
lowest orbitals: 3d,,, 3d,.; and 3d,z. The only ones which have the proper symmetry and which 
participate in the x bonding of the system are the four electrons occupying the 3d,, and the 3d,, 
orbitals. In the ferric covalent complexes, the cation contributes only three electrons to the x 
binding. These come from the same 3d,, and 3d,, orbitals which in this case contain only three 
electrons.’ 

The zx system of porphin involves 24 molecular orbitals and 26 electrons; that of the ionic fer- 
rous or ferric complexes a system of 25 molecular orbitals and 26 electrons; that of the covalent 
ferrous complexes a system of 27 molecular orbitals and 30 electrons; that of the covalent ferric 
complexes and system of 27 molecular orbitals and 29 electrons. 

(2) c orbitals: The calculations on o binding were limited to the interaction between the cation 
and the four central nitrogens of the porphyrin. The orbitals of the iron which may combine 
with those of the nitrogens are: the 3d,2 and the 4s orbitals (Ai,), the 3d,2 — ,2 orbital (Big), the 
4p, and 4p, orbitals (Z,,). In the ionic complexes, whether ferrous or ferric, the 3d orbitals re- 
main untouched and it is only the 4s, 4p,, and 4p, vacant orbitals of the cation which combine 
with the o orbitals of the nitrogens. The o system in this case is thus constituted only by the 
eight electrons supplied by the four nitrogens. It leads to seven o molecular orbitals. In the 
covalent complexes, whether ferrous or ferric, the 3d,2 and 3d,2 — ,2 orbitals combine also with the 
o orbitals of the nitrogens. But here again the iron does not contribute any electrons to the 
binding. The o system in this case is thus constituted again by the eight electrons supplied by 
the four nitrogens, but it leads to nine o molecular orbitals. 

The parameters: The details on the evaluation of the appropriate parameters are presented 
elsewhere.’ We shall indicate here merely the adopted values. 

The Coulomb integrals of the atoms being of the general form aj = av + diyc—c (where ac 
and yc—c¢ are, respectively, the Coulomb integrals of the carbon atom and the exchange integrals 
of carbon-carbon bonds, overlap included), the values adopted for the coefficient 5; of the various 
heteroatoms are: 


0.7 for the z orbitals of the porphyrin nitrogens 

1.9 for the hybridized o orbitals of the porphyrin nitrogens 
— 0.35 for the 3d orbitals of Fe** 

—0.30 for the 3d orbitals of Fe*** 

—3 for the 4p orbitals of Fe+*+ and Fe** 

— 1.8 for the 4s orbitals of Fe+* and Fe*** 


The exchange integrals have been evaluated by: 


air aj 
vij = Bij — Si, is 


and 6;; = KSj; = z 
with A = 2 for z bonds and K = 1.67 for o bonds (following Wolfsberg and Helmholz®), the over- 
lap integrals S;, being either calculated or obtained through interpolations in existing tables. 

Two more remarks concerning the calculations may be useful. 

(1) We have limited our study to the examination of the electronic interactions between the 
sation and the porphyrin. The calculations do not include the effect of further coordinations with 
conjugated or other groups which in the hemoproteins may be present above and below the 
plane of the iron-porphyrin complex. 

(2) We have already presented in a previous publication results of calculations on the distribu- 
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tion of energy levels and electronic charges in the porphin”. The data presented in this paper 
for the same molecule differ slightly from the previous ones. This is due to the slightly different 
approximations used in the two calculations. The general aspect of the results is, of course, very 


similar in the two publications. 


Results and Discussion.—(1) Distribution of energy levels: Table 2 represents 
schematically the energies of the molecular orbitals in the porphin ring and in the 
different types of iron-porphyrin complexes. As is well known, these energies are 
of the general form EL, = a + m,y where a is the Coulomb integral and y the reso- 
nance integral, overlap included, of the molecular orbital method. Generally, 
positive values of m, correspond to occupied (bonding) molecular orbitals, negative 
values of m, to empty (antibonding) orbitals. The smallest positive value of m, 
corresponds then to the highest occupied molecular orbital and the smallest negative 
value of m, to the lowest empty molecular orbital. 


TABLE 2 

ENERGIES OF MOLECULAR ORBITALS AND THEIR TYPES 
Ionic ferro- or Covalent Covalent 
Porphin ferriporphyrins ferroporphyrins ferriporphyrins 
—5.721 —5.720 
—5.051 —5.051 
—4.321 —4.321 
—4.321 —4.321 
—3.985 —3.985 
985 —3.985 
913 —3.913 
152 .129 
856 856 
677 677 
545 .543 
545 .543 
918 918 
806 781 
806 781 
.728 728 
682 645 


085 .075* 
.085 075* 
331 331 
537 537 
771 771 
782 . 782 
870 874 
870 874 
970 973 
970 973 
159 159 
493, 493 
617 620 
617 . 620 
621 621 
961 961 
961 961 
087 094 

2.241 256 


051 
503 
321 
—4_.321 
3.913 
3.878 
3.878 
2.856 
677 
235 


i 
w 
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Occupied molecular 
orbitals 
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* Two degenerate x orbitals containing 3 electrons. 


We shall be essentially interested in this discussion in the values of the energies 
of the x orbitals and in particular in those of the highest occupied and lowest empty of 
these orbitals. These two values are effectively of particular importance, being 
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related, respectively, to the ionization potential or the electron-donor capacity and 
the electroaffinity or electron-acceptor capacity of the compounds.!! 

The examination of the data of Table 2 indicates that as far as the values of the 
energies of these two essential orbitals are concerned there is a clear-cut distinction be- 
tween the tonic and the covalent complexes. 

Thus in porphin itself the m, coefficients of both the highest filled and the lowest 
empty molecular orbitals have relatively small absolute values. As already indi- 
cated in a previous publication by Pullman and Perault” this signifies that porphin 
should be a relatively good x electron-donor and x electron-acceptor. It can be seen 
that essentially the same situation prevails in the ionic ferro- and ferriporphyrins. 
In fact, the energy of the lowest empty 7 molecular orbital is even practically the 
same in these complexes and in porphin; that of the highest filled + molecular 
orbital is only slightly lowered. Consequently the ionic ferro- and ferriporphyrins 
should be both relatively good x electron-donors or acceptors. These m electrons are 
essentially those of the porphin skeleton. The 3d ele¢trons of iron do not partici- 
pate in the binding. In fact, it is these 3d electrons, whose orbitals lie above the 
binding z orbitals that will be essentially involved in an oxido-reduction process 
concerning these compounds. 

The situation is entirely different in the covalent complexes. In these complexes 
the x orbitals involve both the p, electrons of the porphin and the d electrons of the iron 
and the energies of the highest filled and lowest empty x molecular orbitals are dis- 
tributed in a manner completely different from that of the ionic complexes. Thus in 
the covalent ferroporphyrins the highest filled orbital, which is doubly degenerated 
and carries four electrons, is very high lying. In fact, the sign of its coefficient 


m, is even that which is generally associated with molecular orbitals which may only 
be occupied in the excited states of molecules. This situation has already been 
encountered previously in a few other biochemicals, e.g., reduced riboflavin 
leucomethylene blue, chlorpromazine etc...'* Jt means that the compound will 
possess particularly strong electron-donor properties. The lowest empty m molecular 
orbital has been raised very appreciably, so that the compound should not have 


any marked electron-acceptor properties. 

In connection with the electron-donor properties of the covalent ferroporphyrins 
it may also be particularly useful to remark that although it is difficult to determine 
by theoretical calculation the energy of the iron 3d,, lone pair with respect to the 
energies of the molecular z orbitals, experimental electron resonance studies seem 
to indicate that the 3d,, orbital is more stable than the highest x molecular orbi- 
tal. 13 Consequently, the oxidation of this type of complexes must involve effec- 
tively the departure of an electron from the highest filled + molecular orbital 
which, as stated and as will be seen in more detail in the next part of this paper, 
contains electrons originating from the 7 orbitals of the porphin and the 3d,, and 
3d,, orbitals of the iron. 

In the covalent ferriporphyrins the situation is at first sight quite similar to 
that just discussed for the covalent ferroporphyrins: very high lying doubtly de- 
generated highest filled + molecular orbital and high lying, too, lowest empty 
molecular orbital. But there is one essential difference between these two cases. 
In the covalent ferroporphyrins the two degenerate highest filled * molecular 
orbitals were both entirely filled and contained, each of them, two electrons. In 
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the covalent ferriporphyrins there are only three electrons to occupy the two de- 
generated highest filled orbitals. One of these orbitals is thus only half-filled. 
Being able to accept one more electron it must consequently be considered also as the 
lowest empty orbital. The coefficient of this orbital being very small in absolute value, 
this signifies that the compound should possess particularly pronounced electron- 


acceptor properties. One must, of course, bear in mind that, for the same reason, 


the compound should also be able to manifest pronounced electron-donor properties. 
Nevertheless, it may be remarked that the departure of one more electron from the 
doubly degenerated highest filled orbital of a covalent ferriporphyrin would lead to 
a highly reactive and consequently probably unstable biradical. 

The results just discussed on the distribution of the energies of the z-molecular 
orbitals in the covalent complexes seem to be particularly useful for the inter- 
pretation of the biological function of the cytochromes. In fact, the cytochromes 
probably have a number of highly specialized functions, but the most important 
group of them seems to be involved in the oxidation chain in the respiration of a 
great many tissues. In particular, they represent the essential electron carriers 
between the reduced flavoproteins and molecular oxygen. They thus participate 
in a series of reactions in which the complexes shuttle between the ferrous and ferric 
states. The main cytochrome chain, which is located in the mitochondria, com- 
prises cyt. b,c,a,anda; The only member of this chain which has been separated 
from the mitochondria and completely purified is cytochrome c.'4 The calculations 
presented in Table 2, although representative to a large extent of the general features 
of the distribution of energy levels in the cytochromes, refer in particular to this 
cytochrome. Effectively the substituents which are present, in cytochrome c, 
on the periphery of the porphyrin ring are either saturated groups or if they contain 
mobile electrons these are far away from the ring and separated from it by CH. 
groups, so that these substituents do not exert any important influence on the 
cloud of the x electrons of the complex. 

B. Pullman and A. Pullman have shown in a previous study"? that the mecha- 
nism of the functioning of the respiratory coenzymes, diphospho- or triphospho- 
pyridine nucleotides and flavoproteins, may be related to the energies of the highest 
filled and lowest empty molecular orbitals of the oxidized and reduced forms of 
these compounds. It now becomes obvious that the mode of action of the cyto- 
chromes probably involves a mechanism which is very similar to that proposed for the 
coenzymes. Thus the existence of a very high-lying, in fact even antibonding, 
highest filled molecular orbital in ferrocytochromes (covalent ferroporphyrin) sig- 
nifies that these molecules must possess extremely pronounced electron-donor 
properties. Similarly, the existence of a very low-lying half-empty molecular 
orbital in ferricytochromes (covalent ferriporphyrin) signifies that this form of these 
molecules must possess extremely pronounced electron-acceptor properties. Thus, 
just as in the case of the respiratory coenzymes, the oxido-reduction of the cyto- 
chromes is associated with an organization of the molecular orbitals involved in the 
departure or arrival of an electron which is of such a nature that in each case there 
is a particularly high-flying filled orbital associated with the reduced form and a 
particularly low-lying empty orbital associated with the oxidized form. These two 
forms will consequently have a natural tendency of, respectively, giving off or 
accepting an electron. It may be observed that this situation does not involve, 
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as it does in the respiratory coenzymes, any drastic re-distribution of the energies 
of the two involved molecular orbitals. 

The existence of oxidation states higher than Fe*+ does not appear to have 
been observed in the cytochromes. The calculated energy of the highest occupied 
mw molecular orbital in ferricytochrome indicates the possibility of formation of 
such states. Following the authoritative opinion of Slater,” it would not be sur- 
prising if such states were formed.'* However, it must be remarked that a covalent 
iron-porphyrin in the oxidation state of Fe*+ would involve two unpaired electrons 
at the two degenerate highest occupied x molecular orbitals and would thus be a 
highly reactive and consequently unstable biradical. 

As quoted before, the situation described here and which applies directly to 
cytochrome c is representative of the whole family of cytochromes. It is true that 
in cytochromes b and a there are complementary z-electron-possessing substituents 
directly conjugated with the porphyrin ring (two vinyl substituents in cytochrome 
b and one vinyl and one formyl] substituent in cytochrome a), but it seems plausible 
to admit that the presence of these substituents can produce only very small modi- 
fications in the electronic structure of the unsubstituted iron-porphyrins. Under 
these conditions it seems probable that the differences observed in the biochemical 
behavior of the different cytochromes, in particular their autoxidability or non- 
autoxidability, are related to other structural factors which unfortunately had to be 
neglected in this study too, and which may be the nature of the two complementary 
groups coordinated with the metal above and below the plane of the iron-porphyrin 
complex and the interactions between the complex and the protein portion of the 
hemoprotein. All these interactions exert a very strong influence on the effective 
electronegativity of the metal cation, this electronegativity being also very sensi- 
tive to the modifications of the bond distances between the cation and the co- 
ordinating atoms. (See, e.g., ref. 3.) Such modifications of electronegativity 
are able to exert appreciable changes in the distribution of electronic indices. 

(2) Distribution of the electronic charges:—The examination of the distribution 
of the electronic charges brings complementary information on the differences of 
structure between the two types of iron-porphyrin complexes and also, in partic- 
ular, on the nature of the interaction between the porphyrin and the iron electrons 
in the cytochromes. 

The distribution of the mobile electronic charges in the different types of com- 
plexes studied is illustrated in Figure 1. It may be observed that: 

(a) In the ionic complexes (whether ferrous or ferric) the iron atom gains a 
very small fraction of the z electron system of the porphyrin. 

(b) In the covalent complexes the iron gives away a large fraction of its r 
(d) electrons to the porphyrin ring. The fraction so transferred represents 4e — 
1.442e = 2.558e in the ferrous complexes and 3e — 1.325e = 1.675e in the ferric 
complexes. As might have been expected*: ‘ the trivalent cation acts as a weaker 
d, electron-donor than the divalent cation. 

This distribution of the x electrons needs to be completed by the distribution of 
the o electrons in the central part of the molecules, this distribution being asso- 
ciated with strong charge displacements. This is illustrated in Figure 2. In all 
types of complexes the displacement of the o charges is in favor of the iron cation, 
which gains variable quantities of these o charges, donated by the nitrogens of the 
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Fic. 1.—Distribution of x electrons. 
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Fig. 2.—Distribution of the o electrons in the central part of the complexes. 


This gain is much greater in the covalent complexes than in the 
ionic ones, and slightly greater in the covalent ferriporphyrins than in the covalent 


porphyrin ring. 


ferroporphyrins. 

The superposition of the charge distributions of Figures 1 and 2 leads to the 
distribution of total charges. The cation thus bears a total electronic charge of 
0.520e in the ionic complexes, of 2.472e in the covalent ferrous complexes and of 
2.410e in the covalent ferric complexes. Its formal charges, with respect to FeO, 
are consequently of 1.480e in ionic ferroporphyrins, of 2.480e in ionic ferriporphyrins, 
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of 3.528e in covalent ferroporphyrins and of 3.590e in covalent ferriporphyrins. 
It is obvious that because of its higher formal positive charge the ferrous cation of a 
cytochrome will be appreciably more electronegative than the ferrous cation of 
hemoglobin. 

It may also be observed that the concentrations of electronic charges on the 
peripheral carbon atoms of the covalent complexes are much greater than those of 
the ionic complexes. 

Another aspect of the electronic distribution which it may be useful to indicate, 
particularly in relation to 
the discussion on the 
oxido-reduction of cyto- 
chromes, concerns the 
form of the molecular or- 
bitals involved in this 
mechanism. Figure 3 
presents the distribution 
of an electron on the high- 
est filled orbital of the co- 
valent complexes. It is 


3 (a) (b) 
seen that the electron is 


Fig. 3.—Distribution of an electron on the highest filled orbital 


greatly spread over the of covalent (a) ferroporphyrins, (b) ferriporphyrins. 
whole molecular skeleton 

and although the largest local concentration of it is found on the Fe cation, this part 
represents only 7/1 of the electron, the remaining */i being distributed essentially 


over the 16 C atoms of the porphyrin. 

* Sponsored by the U.S. Public Health Service, Grant 3073 (National Cancer Institute). 
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ENZYMATIC INCORPORATION OF RIBONUCLEOSIDE 
TRIPHOSPHATES INTO THE INTERPOLYNUCLEOTIDE LINKAGES OF 
RIBONUCLEIC ACID* 
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Communicated by Charles Huggins, June 20, 1960 


Two separate reactions have been described for the enzymatic polymerization 
of nucleotides. In 1955, Grunberg-Manago and Ochoa! reported that an enzyme 
isolated from the microorganism Azotobacter vinelandii catalyzes the synthesis 
of highly polymerized ribonucleotides from 5’-ribonucleoside diphosphates with 
the release of inorganic phosphate. Because of its similarity to the action of 
phosphorylase on polysaccharides, i.e., its reversible phosphorolysis, the enzyme 
was called polynucleotide phosphorylase. Since polynucleotide phosphorylase 
acts on single as well as mixtures of ribonucleoside diphosphates, to form single 


or mixed polymers, its role as a general mechanism for the biosynthesis of specific 
ribonucleic acids has been debated.? This enzyme is widely distributed in micro- 
organisms and its presence in higher forms has been briefly reported by Hilmoe 


and Heppel.* 

DNA‘ polymerase was first described in 1956 by Kornberg, Lehman, and Simms° 
in extracts from EF. colt. Further investigations by this group® clearly showed that 
this enzyme catalyzes a net synthesis of deoxyribonucleic acid which is dependent 
on the presence of all four deoxynucleoside triphosphates, as well as magnesium 
ions and “primer”? DNA, and occurs with the elimination of inorganic pyrophos- 
phate. A mammalian system which catalyzes a reaction similar to DNA poly- 
merase has been reported.’ 

Terminal addition of one or more ribonucleotides to RNA molecules is another 
reaction observed by a number of investigators.5~'* This reaction is specific for 
the ribonucleoside triphosphate and results in the release of inorganic pyrophos- 
phate. However, no extensive polymerization occurs. 

In view of the importance of specific ribonucleic acid molecules as carriers for 
individual amino acids in protein synthesis,'*: © and the widely held view that 
RNA may provide templates for the synthesis of specific proteins, the present 
work was undertaken. In the course of this investigation, a new type of reaction 
for the incorporation of ribonucleotides has been found. This paper will describe 
the enzymatic incorporation of ribonucleoside triphosphates into the interpoly- 
nucleotide linkages of RNA, by an enzyme system of mammalian origin, which 
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requires that all four triphosphates be present. In this respect, the reaction re- 
sembles the action of DNA polymerase rather than polynucleotide phosphorylase. 

A preliminary account of some aspects of this work has been published." 

Materials and Methods.—Preparation of labeled cyt-P*-P-P: 4 me of P® and 
100 umoles of phosphoric acid were dried overnight in an oven at 110°. To the 
tube, 20 mg of PCl; was added and thoroughly mixed. The tube was tightly 
stoppered and incubated for 30 min in a 45° bath. 0.20 ml of dimethylformamide 
was added and the tube incubated for another 30 min to insure complete forma- 
tion of POC]; 22 mg of dried 2',3’-benzylidene-O-cytidine, prepared by the 
method of Baddiley,'’ was added, mixed, and the vessel incubated at 45° for four 
hr. The reaction was stopped by the addition of 2 ml of 0.20 N HCl and the 
tube heated in a boiling water bath for 12 min. After cooling, the mixture was 
diluted to 200 ml, the pH adjusted to 9, passed over a column of Dowex 1 formate 
resin and eluted with a gradient elution system containing 0.04 N formic acid in 
the upper reservoir as previously described.'* The P**-cytidine 5’-phosphate 
emerged from the column after an earlier material believed to be dicytidine mono- 
phosphate. The 5’ isomer peak was identified with the aid of the specific 5’-nucleo- 
tidase of Crotalus adamanieus venom. No 2’ or 3’ isomer was detected. In this 
manner, 14 uwmoles of labeled CMP were prepared. 

Labeled cyt-P*?-P-P was prepared from labeled CMP by a crude brewers yeast 
extract.'9 The yeast extract was purified 2.5 fold, with respect to its cytidylate 
kinase activity, by ammonium sulfate fractionation. The reaction mixture con- 
sisted of 250 umoles of MgCl., 1.5 mmoles of Tris buffer of pH 7.4, 50 umoles of 
ADP, 200 umoles of phosphopyruvie acid, 500 ugrams of pyruvic kinase, 30 umoles 
of labeled CMP, and 28 mg of the yeast extract in a final volume of 50 ml. After 
incubation at 37° for two hr, the reaction was stopped by heating in a boiling 
water bath for two min and then placed immediately in ice. The denatured pro- 
tein was removed by filtration and the labeled CTP isolated by chromatography 
on a column of Dowex | chloride resin as described by Lehman et al.”° The yield of 
CTP was 80 per cent based on the starting CMP. The final product had a specific 
activity of 3.5 X 10’ ¢.p.m. per micromole. Analysis of the labeled nucleotides 
synthesized in this report are given in Table 1. 


TABLE 1 
ANALYSIS OF THE RIBONUCLEOSIDE TRIPHOSPHATES 


Labeled Absorbance ratios* Per cent radioactivityt 
nucleotide 4250/A260 4280/A260 Monophosphate Diphosphate Triphosphate 

CTP 0.45 2.09 0.20 1.8 98 

UTP 0.75 0.35 0.15 1.3 98 

ATP 0.84 0.23 0.30 5.5 94 

* All values were determined at pH 2. 

+ Labeled compound was added to a mixture of appropriate ribonucleoside mono-, di-, and triphosphates. The 
mixture was subjected to paper electrophoresis in 0.025 M citrate buffer of pH 4.6, at 250 volts for 16 hr. The 
individual nucleotides were located under ultraviolet light and their radioactive content determined. The per 
cent radioactivity is based on the total number of counts placed on paper. 


UTP*, labeled in the ester phosphate only, was prepared from cyt-P**-P-P 
by the procedure of Lohman.”! The labeled UTP was purified by chromatography 
on a column of Dowex 1 chloride resin as described by Bessman and co-workers.”? 
UTP was obtained in 67 per cent yield with a specific activity identical to CTP. 

ATP*, labeled in the ester phosphate only, was prepared from P**-labeled 
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adenosine 5’-phosphate. The labeled mononucleotide was synthesized by a 
method suggested by Goldwasser,”* using the isopropylidene derivative of adeno- 
sine as starting material. 50 umoles of inorganic phosphate, containing 6 mc 
of P**, was dried in a small vial at 110° overnight. 1 ml of dimethylformamide, 
40 mg of dried 2’,3’-O-isopropylidene adenosine and 0.50 ml of dicyclohexylearbo- 
diimide were added and the stoppered vial stirred for 12 hr by magnetic mixing. 
The reaction was stopped by the addition of 6 ml of 0.05 N HCl and allowed to 
stir for another 12 hr. The solution was neutralized with 2 N NaOH and the 
insoluble dicyclohexylurea product removed by filtration. The filtrate was ex- 
tracted with ether and after removal of dissolved ether, by a gentle stream of air, 
passed over a column of Dowex 1 formate resin. AMP*? was eluted with a gradient 
elution system with 1.0 N formic acid in the upper reservoir and 250 ml of water 
in the mixing chamber. Three radioactive peaks were located containing adenine. 
In the order eluted, these peaks were diadenosine monophosphate, adenosine mono- 
phosphate, and adenosine diphosphate as determined by the ratio of radioactivity 
to adenine nucleotide. The fractions containing AMP* were concentrated and 
samples subjected to paper electrophoresis as described in Table 1. Although 
partially contaminated with the other two adenosine reaction products, the labeled 
AMP isolated after paper electrophoresis was shown to be the 5’ isomer by the 
action of the specific 5’-nucleotidase of snake venom. The yield of labeled AMP 
was 3 umoles. It was diluted threefold with unlabeled AMP and converted to 
ATP*® using the crude yeast extract described above which also contained adenyl- 
ate kinase. The conditions for the reaction were essentially the same as that 
described for CTP formation except no ADP was present and 1 umole of ATP was 
added to initiate the reaction. Labeled ATP was isolated in a similar manner 
described for CTP. 6.3 wmoles of ATP were obtained with a specific activity of 
3.4 X 107 e.p.m. per micromole. 

Preparation of rat liver enzyme: A 20 per cent rat liver homogenate, in 0.25 
molar sucrose containing 0.001 17 MgCl., was prepared with the aid of a loose 
fitting stainless steel homogenizer. The homogenate was filtered through gauze 
and centrifuged at approximately 600 xX g for six min at 4°. The supernatant 
was decanted and the loosely packed pellet washed twice more with 20 volumes 
of homogenizing medium. Microscopic examination of the pellet at this stage 
showed a high concentration of nuclei. The residue was washed once more in 
isotonic sucrose to remove excess MgCl., suspended in 20 volumes of 0.05 M Tris 
buffer of pH 7.4, and allowed to stand at 0° for 10 min. The lysed nuclei were 
centrifuged at 10,000 X g for 10 min. The highly colored supernatant was dis- 
carded leaving a somewhat white pellet behind. The residue obtained from 40 
grams of rat liver in this manner was suspended to a final volume of 16 ml with 
0.05 M Tris buffer of pH 7.4. 2 M KCl was added to the suspension dropwise, 
with adequate stirring, to a final concentration of 0.40 M KCl. Within a few min 
a white aggregate formed that could be separated from solution by lifting on glass 
rods. The isolated aggregate was washed twice in the Tris-KCl medium and 
finally suspended in 0.05 M Tris of pH 8.1 by vigorous homogenization with a glass 
homogenizer to give a protein concentration of 10-12 mg per ml of suspension. 
This preparation was used as the source of enzyme for most of the experiments 
reported here and shall be referred to as the aggregate-enzyme. 
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Enzyme assay: After incubation, the reaction was stopped by the addition of 
5 ml of cold 5 per cent TCA. The acid-insoluble precipitate was washed twice 
with cold 5 per cent TCA, two times with ethanol-ether (3:1) and extracted twice 
with 4 ml of 10 per cent NaCl, at pH 8, in a boiling water bath for 30 min. 2 mg of 

varrier RNA was added with each extraction. The combined extracts were pre- 
colanad with 2 volumes of cold ethanol, the precipitate redissolved in 5 ml of 
water and 2 ml samples dried and assayed in a windowless gas flow counter. 

Isolation of ribonucleic acid: RNA, from various preparations, was isolated 
by the Kirby modification* of the procedure of Gierer and Schramm.” P*?-labeled 
RNA, isolated in this way, was exhaustively dialysed against 0.05 M KCl until 
no further counts could be detected in the dialysing medium. 

Hydrolysis of ribonucleic acid: The conditions for alkaline hydrolysis are de- 
scribed in Table 4. After hydrolysis, the solution was neutralized with 18 per cent 
perchloric acid. After standing for 2 hr at 0°, the preeipitated salt was removed 
by centrifugation. Separation of nucleotides was accomplished by paper elec- 
trophoresis in 0.025 M citrate buffer of pH 3.5, for 20 hr at 400 volts, and by chroma- 
tography on columns of Dowex 1 formate resin. The isolated nucleoside 2’- and 
3’-monophosphates were assayed for radioactivity. 

Enzymatic hydrolysis of labeled RNA was accomplished with the aid of Cro- 
talus adamanteus venom. The reaction conditions and procedure are given in 
Figures 6 and 7. 

Phosphorus was determined by the method of Gomori. Inorganic-P*? was 
separated from organic-P* by extraction into organic solvents as described by 
Borkenhagen and Kennedy.” Protein was determined by the method of Lowry.” 


TABLE 2 
NUCLEOTIDE Reat IREMENT FOR THE INCORPORATION OF LABELED NUCLEOTIDES INTO 
RNA 
Labeled substrate 


Experiment Labeled incorporated into 
number substrate Nucleotides added RNA, uumoles 


:* CTP#? Complete 50.0 
Omit ATP 10.0 
Omit GTP 6.0 
Omit UTP 6 
Omit ATP, UTP, GTP 4 
Complete except | 
umole each of ATP, 
UTP, GTP 
UTP? Complete 
Omit ATP 
Omit GTP 
Omit CTP 
Omit ATP, CTP, GTP 
Complete except | 
pmole each of ATP, 
CTP, GTP 
ATP Complete 
Omit GTP 
Omit UTP 
Omit CTP 
Omit GTP, UTP, CTP 
The comple te system contained 5 uwmoles of MgCh, 100 wmoles Tris, buffer of pH 8.05, 10 panels s of evsteine 
0.06 umoles of CTP#? or UTP#? (2.1 X 10° ¢.p.m. per micromole), 0.06 uwmoles each of ATP, UTP, GTP, and 
CTP, except as indicated, and aggregate-enzyme containing 6 mg of protein. The final volume of kek system was 
1.0 ml. The vessels were incubated for 15 min at 37°. 
+ The reaction mixture was the same as above except that in addition, each vessel contained 60 uwmoles of KCI. 
20 umoles of NaF, and 0.06 umoles of ATP? (1.4 X 107 ¢.p.m. per micromole) as the labeled substrate, 12 mg of 
twice washed nuclei served as the enzyme source. 
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Optical density measurements were made in a Zeiss spectrophotometer. The 
nucleotides used in this work were products of the Pabst Laboratories. Other 
materials used in this report were of commercial origin. Crotalus adamanteus 
venom was bought from Ross Allen’s Reptile Institute, Silver Springs, Florida. 

Experimental.—Enzymatic incorporation of nucleoside triphosphates into RNA: 
When rat liver homogenates were incubated with cyt-P*-P-P, a significant in- 
corporation of label into the acid-insoluble residue was observed. Further experi- 
ments indicated that the nuclear fraction was particularly active in this respect 
and that optimal incorporation occurred when ATP, UTP and GTP were present. 
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Fic. 1.—Incorporation of CTP* at var- Fic. 2.—The incorporation of CTP* as a 


ious concentrations of ATP, UTP and 
GTP. Each tube contained 5 umoles of 
MgCl., 100 ywmoles Tris buffer of pH 
8.05, 10 umoles of cysteine, 0.06 umoles of 
CTP (9 XK 10®c¢.p.m. per micromole), rat 
liver aggregate-enzyme (see methods) con- 
taining 6 mg of protein and ATP, UTP 
and GTP each, in the quantities shown. 
The final volume of the system was 1.1 ml. 
The tubes were incubated for 15 min at 


970 
of 


function of pH. The conditions of the en- 
zyme assay were identical with those shown 
for Fig. 1, except that each tube contained 
100 umoles of an equimolar mixture of 
phosphate and Tris. One umole each of 
ATP, UTP, and GTP per reaction vessel 
was used. The hydrogen ion concentration 
of the Tris-phosphate buffer was varied 
to give the pH values shown, which were 
measured with a glass electrode after the 
addition of all reaction components. The 
tubes were incubated for 15 min at 37°. 


It was found that after lysis of the nuclei, the DNA in these preparations could be 
aggregated by the addition of the proper amount of salt. At, higher salt concen- 
trations (1 molar), the aggregate becomes soluble and a highly viscous suspension 
develops. Removal of the aggregate from solution and subsequent assay for nu- 
cleotide incorporation indicated that this preparation contained the entire activity 
of the original nuclear fraction and still maintained the requirement for all four 
ribonucleotides (Table 2). This requirement is also shown for labeled ATP with 
whole nuclei. The incorporation of labeled substrate is increased from eight to 
tenfold as the concentrations of each of the unlabeled nucleotides are simultaneously 
increased (Fig. 1). 
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If ribonucleoside diphosphates are substituted for the unlabeled ribonucleoside 
triphosphates a considerable reduction in the incorporation is observed (Table 3). 
This would suggest that the incorporation of ribonucleotides into RNA occurs 
at the triphosphate level, and that the reaction proceeds by the elimination 
of inorganic pyrophosphate similar to DNA polymerase® and the terminal addition 
type reactions.'* Such a reaction mechanism would be in agreement with the 
observation that inorganic pyrophosphate, but not inorganic orthophosphate, 
inhibits the incorporation (Table 3). 

Identification of the radioactive product as RNA: The labeled product, isolated 
from the reaction mixture, is acid-insoluble and nondialysable. Treatment with 
crystalline ribonuclease, but not desoxyribonuclease, alters these properties. 
The product may be isolated further under conditions where DNA is not ex- 
tracted.” Treatment with alkali, under conditions known to hydrolyze RNA, 
or with snake venom, results in the formation of acid-soluble labeled ma- 
terial. The products formed by alkaline hydrolysis can be separated by paper 
electrophoresis or by ion exchange chromatography and have been identified as the 


TABLE 3 


CoractoR REQUIREMENTS FOR THE INCORPORATION OF LABELED NUCLEOTIDES INTO 
RNA 


Labeled substrate 
Labeled incorporated into 


Experiment 
, wumoles 


number substrate Additions 
I CTP Complete 61 
Complete: ADP, UDP, GDP in 
place of ATP, UTP, GTP 18 
Complete: +5 umoles of P-O-P 22 
Complete: +10 umoles of P-O-P 3. 
Complete: in 100 umoles of Pi 
buffer pH 7.5 (no Tris) 60 
UTP Complete 32 
Complete: ADP, CDP, GDP in 
place of ATP, CTP, GTP 20 
Complete: +45 umoles of P-O-P 1] 
Complete: +10 umoles of P-O-P 1.2 
Complete: in 100 yumoles of Pi 
buffer pH 7.5 (no Tris) 32.0 
The contents of the complete system and the conditions of the reaction were identical to that de- 
scribed in Table 2, except that 10 wmoles of MgCl» were used. The ribonucleoside di- and triphosphates 
used were 0.06 umoles each. 


mononucleotides of cytidine, adenosine, uridine and guanosine. 

Optimal pH for incorporation of CTP into RNA: When the hydrogen ion con- 
centration of the reaction mixture was varied over a considerable range (Fig. 2), 
the highest incorporation took place in the range of pH 8 to 9. The activity falls 
off rapidly at values below pH 7.5, and above pH 9. 

Requirement for divalent cations: The enzymatic incorporation of ribonucleo- 
tides into RNA requires the presence of divalent cations. At low concentrations, 
both magnesium and manganese can activate the system; magnesium was more 
effective. However, at higher concentrations both cations become inhibitory; 
the inhibition with manganese was more pronounced (Fig. 3). Calcium was unable 
to activate the enzyme system. Low concentrations of calcium (0.001 M), in the 
presence of optimal amounts of magnesium ion, were inhibitory. 

The incorporation of CTP into RNA as a function of time: Under conditions 
of these experiments, optimum reaction time for the incorporation of CTP into 





1026 BIOCHEMISTRY: 8S. B. WEISS Proc. N. A. 8. 


RNA occurred in ten min (Fig. 4). The diminished incorporation observed for 
longer periods of incubation most probably represents product breakdown. The 
reaction was linear for the first two min with half maximum incorporation occur- 
ring at the end of one minute. 

Position of the nucleotide incorporated into RNA: When P**-labeled RNA, 
prepared enzymatically with whole nuclei or aggregate-enzyme, was subjected to 
alkaline hydrolysis, each of the nucleoside 2’- and 3’-monophosphates separated 
by paper electrophoresis or by ion-exchange chromatography was labeled 
(Table 4). An electropherogram of the products separated after hydrolysis is 
shown in Figure 5. The slight amount of ultraviolet absorbing radioactive ma- 
terial migrating more slowly than 2’(3’)-CMP in Figure 5 is believed to be some 
unhydrolyzed dinucleoside monophosphate. Although these results suggest 
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‘ I ; “ eee tion was incubated at 37° for the time in- 
tervals shown above. 
that the incorporation of substrate is into the inner linkages of the RNA chain, 
the possibility of a terminal addition to different end groups of different ribonucleic 
: g 
acids, present in the enzyme preparation, cannot be excluded by this evidence alone. 
The phosphodiesterase of snake venom has been shown to attack nucleic acid, 
in a stepwise fashion from the 3’-hydroxyl end of the chain, to liberate nucleoside 
5’-monophosphates.2* The free nucleoside 5 -monophosphates may be attacked 
next by the phosphomonoesterase of snake venom to form nucleosides and in- 
organic phosphate. If terminally labeled P*?-RNA is digested with crude snake 
venom, one might expect a disproportionate release of inorganic-P* and inorganic 
phosphate if the kinetics of the over-all reaction were essentially those of the di- 
esterase activity. That such is the case may be demonstrated by the reaction of 
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snake venom with terminally labeled P*-RNA', prepared by the “pH 5 enzyme” 
and RNA isolated from the soluble fraction of rat liver homogenates (SRN A). 
e ere Under these conditions, more 
than 90 per cent of the radio- 

activity was released while less 
than 10 per cent of the RNA 

chain had been degraded (Fig. 

6). However, venom digestion 

of RNA labeled with CTP*® or 

UTP” by the aggregate-en- 

zyme (NRNA), results in the 

release of inorganic-P** and 

inorganic phosphate at nearly 

identical rates (Fig. 7a and 7b). 

. The slight discrepancy in rates 
‘ observed in Figure 7b indicates 
that the distribution of labeled 

uridylate in the RNA chain is 

not statistically uniform. 

Higher concentrations of 

venom were used in the NRNA 

experiments so that digestion 

of 80 to 90 per cent of the 

material could be achieved in a 


reasonable length of time. 
Discussion.—A number of 
bacterial and mammalian cell- 


free systems have been de- 


scribed which incorporate 
labeled ribonucleotides into 
RNA.!: 8-13. ® ~~ Most of these, 
with the exception of poly- 
nucleotide phcsphorylase, have 
been shown to catalyze the 
terminal addition of nucleo- 
Pe . 33 e : ; , “ 
ae tides to RNA chains. Gold- 
ty | | | | wasser*! and Edmonds and 
Abrams'! have presented evi- 
Hyd@rolysed 2(3")- 23"). 2434). 243"). \b file, I 
P32.RNA =: UMP GMP AMP CMP dence which suggests that 
Fic. 5.—Paper electrophoresis of P%-RNA, labeled mammalian preparations can 
with oa after alkaline hydrolysis. The conditions also catalyze incorporation of 
for alkaline digestion and paper electrophoresis are in- . fF . : 
dicated in Table 4. The ultraviolet absorbing areas ribonucleotides into the frame- 
are encircled. The exposed dark areas indicate the pres- workof RNA. However, none 
ence of radioactivity. , 
of the above systems demon- 
strate a specific requirement for all four ribonucleotides. 
Recently, Edmonds and Abrams* found that extracts from calf thymus nuclei 
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catalyze the formation of single adenylate polymers from ATP. It is apparent 
that incorporation studies with C'-labeled nucleotides alone cannot in itself de- 
termine whether natural or atypical polynucleotide polymers have been formed. 
The synthesis of homopolymers by the enzyme reported here may be excluded 
since alkaline hydrolysis of the P*?-RNA results in the formation of all four nu- 


cleoside 2’- and 3’-monophosphates, 
ach containing significant radioac- 
tivity. 

The 
that the omission of any one of the 
four ribonucleoside triphosphates re- 
sulted in a marked reduction of label 
incorporated when CTP, UTP, and 
ATP were the labeled substrates. 
In this respect, and also because the 


present experiments show 


ribonucleoside triphosphate rather 
than the diphosphate appears to be 
required, the system is similar to the 
action of DNA polymerase and dif- 
ferent from polynucleotide phos- 
phorylase. The hydrolysis experi- 
ments with snake venom clearly de- 
monstrate that the labeled RNA 
formed by the aggregate-enzyme is 
quite different from terminally la- 
beled RNA. Indeed, the similar 
rates of release of inorganic phos- 
phate and inorganic-P* can only be 
interpreted to mean that the labeled 
substrate had 
throughout the entire polynucleo- 
tide chain. This information, 
coupled with the four ribonucleotide 
requirement, suggests that poly- 
nucleotide synthesis had taken place. 
The same type of activity shown 
here for extracts from rat liver nuclei 
can be shown to occur with nuclei 


been incorporated 


from calf thymus and ascites cells. 
The reaction is not stimulated by the 
addition of nuclear RNA, however, 
addition of soluble RNA causes ter- 


minal addition products besides those described above. 
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Fic. 6.—The enzymatic hydrolysis of P*?-la- 
beled SRNA with snake venom. Terminal-la- 
beled P-SRNA was prepared as follows: 4 tubes 
were used and each contained 10 ymoles of 
MgCl., 100 wmoles of Tris buffer of pH 8.05, 20 
umoles of NaF, 0.06 wmoles of CTP? (3.4 X 107 
c.p.m./per micromole), 1.2 mg of SRNA and “pH 5 
enzyme’’ containing 6-7 mg of protein, in a final vol- 
ume of 1 ml. After 20 min at 37°, the SRNA was 
isolated by the phenol procedure (see methods) 
with 3 mg more of carrier SRNA being added. 

The snake venom incubation reaction contained 
20 umoles of MgCle, 200 umoles of glycine buffer of 
pH 8.4, P*-labeled SRNA containing 144,000 
total c.p.m. and 13 umoles of total phosphate, and 8 
mg of crude Crotalus adamenteus venom, in a final 
volume of 4 ml. The reaction mixture was incu- 
bated at 37°. At the time intervals shown, 0.50 ml 
samples were removed and the reaction was 
stopped by the addition of 5 percent TCA. 2mg 
of carrier albumin was added to insure complete 
precipitation. The precipitate was removed by 
centrifugation and appropriate aliquots were taken 
for inorganic phosphate and inorganic-P*? deter- 
minations as described under methods. The per 
cent Pi and Pi*? released is based on the total phos- 
phate and radioactivity content of the RNA 
used in the reaction. 


It is also interesting that 


preincubation of the aggregate-enzyme with extremely small quantities of desoxy- 


ribonuclease completely inactivates the system. 
Elucidation of the exact requirements for this enzyme 


nuclease is not as effective. 
must await further purification. 


Similar treatment with ribo- 
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TABLE 4 
ALKALINE Hyprotysis or P*-RNA 
Labeled Total  : ounts in nucleotides isolated after alkaline Per cent 
substrate RNA ——hydrolysis——- recovery of 
used counts 2'(3")C ‘MP 2" 3’ )AMP 2'(3’ )GMP 2’(3’‘)UMP total counts 
CTP#* 83 , 200 20, 200 8,350 18, 850 22, 900 84.5 
UTP#*} 40 ,000 15,400 4,200 5, 800 13,000 96.0 
ATP#*} 31,900 6,090 6, 500 8,000 8, 100 90.0 


Labeled RNA was prepared by the incubation of CT P**, UTP*? and ATP*? with the nuclei preparations as shown 
in Fig.2. The P#2- RNA © was isolated by the phenol procedure. 

* Hydroly sis carried out in 0.20 N KOH for 3 hrs at 80°. The mononucleotides were separated by paper electro- 
phoresis in 0.025 M citrate buffer of pH 3.5, at 400 volts for 20 hrs. 

t+ Hydrolysis carried out in 0.30 N KOH for 18 hrs at 37°. The separation of mononucleotides was by paper 
electrophoresis. 

t Hydrolysis same as for CTP*?-labeled RNA. The mononucleotides were separated by gradient elution with 
formic acid from a column of Dowex 1 formate resin (10 per cent cross-linked). 
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Figs. 7a and 7b.—The enzymatic hydrolysis of P**-labeled NRNA with snake venom. P®*- 
labeled NRNA was prepared by the incubation of either CTP*? or UTP*? with the aggregate-en- 
zyme as described previously. The reaction system was identical to that shown in Fig. 2, and 4 
tubes were incubated with each label. After 15 min at 37°, the NRNA was isolated as described in 
Fig. 6, except that unlabeled NRNA was added as carrier. 

The conditions for the snake venom reaction and procedure were identical with that shown in 
Fig. 6, except that 16 mg of crude Crotalus adamanteus venom was used. The P*-NRNA used in 
the reaction system for Fig. 7a contained a total of 16,000 c.p.m. and 14.66 uwmoles of total phos- 
phate. The P*-NRNA used in the reaction system for Fig. 7b contained a total of 19,400 ¢.p.m. and 
14.2 umoles of total phosphate. Per cent Pi and Pi*? released was calculated as described for 
Fig. 6. 


Summary.—An enzyme system isolated from rat liver nuclei was found to catalyze 
the incorporation of labeled ribonucleoside triphosphates into ribonucleic acid. The 
enzymatic activity was dependent on the presence of all four ribonucleoside triphos- 
phates. 

Evidence is presented which shows that the incorporation of labeled ribonucleo- 
side triphosphate occurs throughout the entire polynucleotide chain. 


* This investigation was supported by funds from The Argonne Cancer Research Hospital, 
operated by The University of Chicago for the United States Atomic Energy Commission. 

1 Grunberg-Manago, M., and S. Ochoa, J. Am. Chem. Soc., 77, 3165 (1955). 

* Ochoa, S8., and L. A. Heppel, in The Chemical Basis of Heredity, ed. W. D. McElroy and B. 
Glass (Baltimore: Johns Hopkins Press, 1957), p. 615. 

’ Hilmoe, R. J., and L. A. Heppel, J. Am. Chem. Soc., 79, 4810 (1957). 

‘ The abbreviations used in this report are: DDNA, deoxyribonucleic acid; RNA, ribonucleic 





1030 BIOCHEMISTRY: BISHOP, LEAHY, AND SCHWEET _ Proc. N. A.38. 


acid; CTP or cyt-P-P-P, ATP, UTP, and GTP for the tri- and CDP, ADP, UDP, and GDP for 
the di- and CMP, AMP, UMP, and GMP for the monophosphates of cytidine, adenosine, uridine, 
and guanosine; Tris, tris-(hydroxymethyl)-aminomethane; TCA, trichloroacetic acid; ¢.p.m., 
counts per minute; Pi, inorganic orthophosphate; P-O-P, inorganic pyrophosphate. 
> Kornberg, A., I. R. Lehman, and E. 8. Simms, Federation Proc., 15, 291 (1956). 
® Kornberg, A., in The Chemical Basis of Heredity, ed. W. D. McElroy and B. Glass (Baltimore: 
Johns Hopkins Press, 1957), p. 579. 
7 Bollum, F. J., and V. R. Potter, Abstr. Am. Chem. Soc., 132nd meeting, 19C (1957). 
5 Heidelberger, C., E. Harbers, K. C. Leibman, Y. Takagi, and V. R. Potter, Biochim. et 
Biophys. Acta, 20, 445 (1956). 
® Paterson, A. R. P., and G. A. LePage, Cancer Research, 17, 409 (1957). 
” Canellakis, F.S., Biochim. et Biophys. Acta, 25, 217 (1957). 
'! Kdmonds, M., and R. Abrams, Biochim. et Biophys. Acta, 26, 226 (1957). 
12 Herbert, E., J. Biol. Chem., 231, 975 (1958). 
18 Hecht, L. L., P. C. Zameenik, M. L. Stephenson, and J. F. Scott, J. Biol. Chem., 233, 954 
(1958). 
1 Hoagland, M. B., P. C. Zameenik, and M. L. Stephenson, Biochim. et Biophys. Acta, 24, 215 
(1957). 
16 Berg, P., and E. J. Ofengand, these PROCEEDINGS, 44, 78 (1958). 
'6 Weiss, S. B., and L. Gladstone, J. Am. Chem. Soc., 81, 4118 (1959). 
7 Baddiley, J., J. G. Buchanan, and A. R. Sanderson, J. Chem. Soc., 3107 (1958). 
8 Kennedy, E. P., and 8. B. Weiss, J. Biol. Chem., 222, 193 (1956). 
19 Lieberman, I., A. Kornberg, and E. 8. Simms, J. Biol. Chem., 215, 429 (1955). 
* Lehman, I. R., M. J. Bessman, E. 8. Simms, and A. Kornberg, J. Biol. Chem., 233, 163 (1958). 
2t Lohman, K., Biochem. Z., 254, 381 (1932). 
22 Bessman, M. J., I. R. Lehman, J. Adler, S. B. Zimmerman, E. 8S. Simms, and A. Kornberg, 
these PROCEEDINGS, 44, 633 (1958). 
23 Goldwasser, E., personal communication. 
*4 Kirby, K.8., Biochem. J., 64, 405 (1956). 
* Gierer, A., and G. Schramm, Nature, 177, 702 (1956). 
*6 Gomori, G., J. Lab. Clin. Med., 27, 955 (1942). 
27 Borkenhagen, L. F., and E. P. Kennedy, J. Biol. Chem., 234, 849 (1959). 
* Lowry, W., J. Biol. Chem., 193, 265 (1951). 
29 Razzell, W. E., and H. G. Khorana, J. Biol. Chem., 234, 2114 (1959). 
® Preiss, J., and P. Berg, Federation Proc., 19,317 (1960). 
5! Goldwasser, E., J. Am. Chem. Soc., 77, 6083 (1955). 
82 Edmonds, M., and R. Abrams, Federation Proc., 19, 317 (1960). 


FORMATION OF THE PEPTIDE CHAIN OF HEMOGLOBIN 
By Joun Bisuop,* Joun LEAHY, AND RicHARD SCHWEET*T 
BIOCHEMISTRY DEPARTMENT, CITY OF HOPE MEDICAL CENTER, DUARTE, CALIFORNIA 
Communicated by James F. Bonner, June 30, 1960 


The cytoplasmic ribonucleoprotein particles, or ribosomes, are now considered 


to be the major site of protein synthesis in a variety of tissues.' Kinetic studies 
with intact reticulocytes have indicated that these particles are the site of hemo- 
globin synthesis.?:* Little is known, however, about the intra-ribosomal events 
which lead eventually to the final peptide chain. Two general mechanisms may be 
distinguished: simultaneous linkage of amino acids, and stepwise synthesis involv- 
ing intermediate peptides. Intermediate peptides might be formed sequentially 
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from one end of the chain, or clusters of amino acids might form peptides randomly 
along the chain and then join to complete it. The evidence supporting these two 
hypotheses has been discussed by Steinberg et al.‘ and by Loftfield.* 

More direct information on this problem in the case of hemoglobin synthesis 
has been obtained using a cell-free system. The present approach was suggested 
by the finding that when ribosomes containing C'*-labeled amino acids were in- 
cubated with unlabeled amino acids together with the necessary enzymes and co- 
factors, the ribosome-bound C'‘-amino acids were transferred to and found in hemo- 
globin.” These experiments indicated that hemoglobin precursors, which appear to 
be peptides, are present in ribosomes, and are released as completed hemoglobin 
chains. 

In the experiments reported here, ribosomes labeled with C'*-valine (the N-ter- 
minal amino acid of hemoglobin) were isolated from intact cells, and then incubated 
with C'*-amino acids in the cell-free system. The labeled hemoglobin formed was 
then isolated. In other experiments, unlabeled ribosomes were incubated with 
C'*-valine and the labeled hemoglobin isolated. The radioactivity in N-terminal 
valine and in valine in the rest of the hemoglobin chain was then compared. The 
results strongly suggest that the hemoglobin chain is synthesized sequentially 
starting at the N-terminal end, and that a pool of incomplete hemoglobin chains, 
containing N-terminal valine and variable amounts of the rest of the chain, is 
present. in ribosomes. 

Methods and Materials.—-Enzymes used were prepared from the soluble fraction 
of reticulocyte lysates by ammonium sulfate fractionation.’ The uniformly- 
labeled C'*-amino acids used contained 2.4 10° counts per min per umole. 

Intact reticulocyte experiments: Washed rabbit reticulocytes were prepared and 
incubated essentially as described by Borsook et al.? Each ml of packed reticulo- 
cytes was incubated with 0.6 ml of a mixture of C'*-amino acids," 0.2 ml of fresh 
plasma, 0.04 ml of 1 M Tris,'! pH 7.5, 0.04 ml of 0.01 M ferrous ammonium sulfate, 
1.1 ml of twice-concentrated, modified Krebs-Henseleit solution,'’ 0.2 ml of 0.001 
M C'*-valine or C'*-leucine, and water to a final volume of 4 ml. The mixture was 
incubated at 37° for 10 min, chilled, and the cells washed. Ribosomes were then 


prepared in the usual manner,® * except that 20 wmoles of C'*-valine was added to 
the wash and also again after lysis of the cells. The soluble protein fraction was 


used to prepare hemoglobin. 

Cell-free experiments: Ribosomes prepared from labeled or unlabeled cells were 
usually washed twice and incubated with enzymes, nucleotides, and other con- 
stituents as previously described.* '? All incubation mixtures differed only in 
containing C'*- or C'*-amino acids as indicated. After incubation at 37° for 10 
min, the mixtures were chilled and 50 to 100 mg of crude carrier hemoglobin was 
added. Ribosomes were separated by centrifugation at 105,000 x g for 1 hr. 
The second cell-free incubation, when employed, was for 20 min, using once- 
washed ribosomes separated as described above. Ribosomes from this incubation 
were again separated by centrifugation. Aliquots of ribosomes and supernatant 
were counted after each incubation in the usual manner.® 

Preparation of hemoglobin for N-terminal analysis: Hemoglobin was _pre- 
pared for N-terminal analysis from incubation supernatants by removal of a 
pH 5 fraction followed by precipitation between 45 and 90 per cent saturation 
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with ammonium sulfate. Results were not altered when hemoglobin was purified 
further by chromatography on IRC-50.® 

The 45 to 90 per cent ammonium sulfate precipitate was dialyzed against 0.1 
Tris, pH 7.5. The protein was then precipitated with 5 per cent TCA (at room 
temperature) and washed with 5 per cent TCA and then with 1 per cent TCA. 
The precipitate was dissolved in 0.1 N sodium hydroxide at a final concentration 
of 10 to 15 mg protein per ml and taken to pH 9.5 with saturated boric acid. This 
procedure yielded a washed protein in solution buffered at the pH used for N-ter- 
minal analysis. 

Preparation of DNP-derivatives: The protein solution (containing 1,000 to 
20,000 epm) was mixed with 2 volumes of 2.5 per cent (v/v) dinitrofluorobenzene 
in 95 per cent ethanol'* and shaken for 2 hr at 40°. The insoluble DN P-protein 
was centrifuged off, washed successively with 0.5 N hydrochloric acid, ethanol-ether 
(1-2 v/v), and ether, and dried at 40°. The dry DNP-protein was hydrolyzed for 
24 hr at 110° in constant-boiling hydrochloric acid (5 to 10 mg_ protein 
per ml). The DNP amino acids were separated quantitatively from the water- 
soluble amino acids. Extreme care was taken to remove traces of free amino acids 
from the DNP-valine. Paper chromatography using 2 solvents'*: © showed that 
the radioactivity was present as DN P-valine. 

Preparation of PTH-derivatives: A similar aliquot of the protein solution was 
mixed with an equal volume of dioxane and one-twentieth volume of phenyliso- 
thiocyanate’ and shaken for 2 hr at 40°. The protein was precipitated with 5 
per cent TCA and centrifuged off. The precipitate was washed with ethanol- 
ether (1-2 v/v), benzene, and ether, and dried. The PTC-protein was suspended 
in 1N hydrochloric acid (5 to 10 mg protein per ml) and _ hydrolyzed 
for | hr at 110°. The hydrolysate was treated in the same way as the DN P-protein 
hydrolysate. 

Aliquots of water-soluble and ether-soluble fractions from both determinations 
were pipetted onto planchets containing Whatman No. 1 filter paper, dried and 
counted in a gas-flow counter with Micromil window. 

Experiments and Results——To test the analytical methods, hemoglobin labeled 
in the intact cell with C'*-valine, was studied (Table 1). In 8 separate experiments 
the radioactivity found in N-terminal valine was 8.4 + 1.1 (standard deviation) 
per cent of the total radioactivity in the isolated hemoglobin by the DNP method 


TABLE 1 
N-TERMINAL RapIoactiviTty IN WHOLE-CELL HEMOGLOBIN * 
DNP method ~ PTH method - 
C!+-amino Ether Water Per cent Ether Water Per cent 
acid layer layer N-terminal layer layer N-terminal 
used cpm cpm C'!*-amino acid epm cpm C'*+-amino acidt 
Valine 665 7,611 8.3 725 7, 660 8.6 
Leucine 40 20,090 0.2 60 17,955 0.33 


—, 


* Intact cells were incubated for 15 min with the indicated C'*-amino acid as described in the text. The hemo- 
globin was isolated and radioactivity in the N-terminal amino acid determined. 

+ The per cent is the radioactivity in the ether layer divided by the total radioactivity. The results are given 
for a typical experiment. 


and 8.2 + 0.6 per cent by the PTH method. These values correspond closely to 
the calculated value based on the composition of rabbit hemoglobin, which con- 
tains approximately 46 valine residues per molecule,” of which 4 valine residues, 





VoL. 46, 1960 BIOCHEMISTRY: BISHOP, LEAHY, AND SCHWEET 1033 


or 8.7 per cent, are N-terminal. The per cent N-terminal C'*-valine found, there- 
fore, is the amount expected from uniformly-labeled hemoglobin, and is in agree- 
ment with the original report of Kruh and Borsook!® that reticulocytes synthesize 
hemoglobin in vitro. When C'*-leucine was used, a negligible amount of radio- 
activity was found as N-terminal amino acid, as expected (Table 1). 

When hemoglobin was isolated after the usual cell-free incubation of unlabeled 
ribosomes with C'-valine, however, no radioactivity was found in N-terminal 
valine. This surprising result, which was confirmed in a number of experiments, 
suggested the possibility shown in Figure 1. 


N-TERMINUS 1 C-7ERMINUS 


®$ Nie wol-C?---—val-C% ~-—-val-G? --—-val-C--— 
® $ NH,-val-C.----val-C2 ----- X------- X-------- 


® $ Nipval-C2-—-val-c!?-~~-val-CH--~-val-ci#-—--- 


C. val-C'4---- val-'4------ iain 
D. ®§$ NH-val-C*-----val-c'4------ a saci sdiesratie Me ciccnhin 


Fic. 1.—Proposed peptides in ribosomes and the growing peptide chain. R, ribosome; 
—indicates the attachment of the N-terminal valine; X, unoccupied valine site. /, ribosomes as 
isolated; JI, the same ribosomes after brief incubation with C'*-valine. The shaded area indicates 
a completed chain. 


In this figure, IA to ID represent various ribosomes which are present in any 
cell. In IA, the ribosome contains a completed hemoglobin chain, ready to be 
released. In IB and IC, chains in various stages of completion are present. These 
represent the condition of most of the ribosomes. In ID, the completed chain 
has just been released and the template is unoccupied. 

The stages in the second part of the figure show the same ribosomes after a 
few C!4-valine residues have been added. In IIA, the completed chain has been re- 
leased, but this hemoglobin is unlabeled. When this ribosome forms and releases an- 
other molecule of hemoglobin (not shown) this hemoglobin will be completely labeled 
and will contain 8.4 per cent of the radioactivity in N-terminalvaline. In IIBandC, 
C'*-valine has been added to the chains and when these are completed and re- 
leased, they will be labeled, but contain no radioactivity in N-terminal valine. In 
IID, a chain containing N-terminal C'*-valine is being formed. However, these 
originally empty ribosomes will be the last to release completed hemoglobin and 
little hemoglobin of this type will be formed at first. 

If we assume that in the cell-free system most of the ribosomes are able to com- 
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plete the peptide chain which is present, but not to initiate the synthesis of a second 
chain, that is, “turn-over”’ only once, labeled hemoglobin with little or no radio- 
activity in N-terminal valine will be formed in short incubations. The suggestion 
that the lesion in the cell-free system, which limits the amount of hemoglobin syn- 
thesis, is the inability of the ribosomes to “turn-over”’ is supported by several lines 
of evidence. For example, the specific activity of ribosomes isolated after incuba- 
tion in the cell-free system is about 50 per cent of ribosomes isolated after labeling 
in the intact reticulocyte.* However, hemoglobin isolated from the intact cell 
has 500 times the radioactivity of the hemoglobin produced by an equivalent 
amount of ribosomes incubated in the cell-free system. It appears that in the 
cell-free system ribosomes start synthesis in a similar way to the intact cell, but either 
complete and release hemoglobin chains very slowly, or cannot start a completely 


3 


new chain readily. 

The hypothesis shown in Figure | was tested with labeled ribosomes. Intact 
cells were incubated with C'‘-valine under conditions such that each ribosome had 
“turned-over”’ many times. Ribosomes isolated from such cells should contain only 
completely labeled peptides. That is, the ribosomes would contain peptides as 
shown in the figure (part I), but C'*-valine would be present in all cases. When these 
ribosomes are incubated with C!*-valine, the completed hemoglobin chains should 
contain more than 8.5 per cent of their radioactivity in N-terminal valine, since 
the chains are completed with C!*-valine. The results of 4 separate experiments 
(Table 2) gave an average of 12.8 per cent radioactivity in N-terminal valine. 
These results provide strong support for the proposed mechanism. The possibility 
that these labeling patterns were the result of the inability of the cell-free system 
to produce a completed hemoglobin chain was largely excluded by other experi- 
ments, in which ribosomes labeled with C'4-valine in the intact cell were incubated 
with C'-valine in the cell-free system (Table 2). This should correspond to com- 
plete labeling of the molecule, as in whole cell hemoglobin. The value of 8.4 per 
cent N-terminal valine which was found is the expected value. When ribosomes 
labeled with C'-leucine in the whole cell were used, no N-terminal radioactivity 
was found in the hemoglobin isolated after cell free incubation (Table 2). 


TABLE 2 
N-TERMINAL Rapioacti¢¥ity IN HEMOGLOBIN AFTER CELL-FREE INCUBATION 
Condition of Cell-free Per cent N-terminal C'‘-amino acid 
ribosomes incubation DNP method PTH method Average 
Unlabeled * With C'*-valine ) 0 0 
Labeled with C'*-valinet With C!*-valine l : 
Labeled with C'*-valine With C!*-valine l 
Labeled with C'*-valine With C!*-valine I 
Labeled with C!*-valine With C!*-valine 1 
Labeled with C'*-valine With C'*-valinet = 4 
Labeled with C!*-leucine With C!*-leucine 0 .s 
* Ribosomes were isolated in the standard way and incubated for 10 min under standard assay conditions and 
the hemoglobin isolated and analyzed 
t Intact reticulocytes were incubated with C'4-valine or C'4-leucine as described in the text and then the ribosomes 
were isolated and incubated in the cell-free system in the standard way with the indicated amino acid. The hemo- 
globin was isolated and analyzed. 
t Average of two experiments 
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If peptides of various sizes were present in ribosomes, as illustrated in Figure 1. 
it appeared likely that larger peptides would be completed first. Thus, if ribo- 
somes containing C'-labeled peptides were incubated with C!*-amino acids, the 
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hemoglobin formed at. first would be almost completely labeled. The hemoglobin 
formed later would come from ribosomes containing smaller labeled peptides, and 
would contain a higher percentage of N-terminal valine. The idea was tested by 
incubating ribosomes labeled with C'‘-valine with C'*-amino acids as before. The 
ribosomes re-isolated after this incubation should contain shorter peptide chains. 
These ribosomes were then incubated a second time with C!?-amino acids. The 
hemoglobin isolated in this case contained 15.9 per cent N-terminal C'*-valine 


(Table 3), in contrast to the average of 12.8 per cent found after the first incubation. 


Y12 


TABLE 3 
N-TERMINAL RADIOACTIVITY IN HEMOGLOBIN AFTER DouBLE CELL-FREE INCUBATION 
Per Cent N-Terminal 
C'.Valine 
Condition of First cell-free Second cell-free DNP PTH 
ribosomes incubation incubation method method Average 


Labeled with C'*-valine With C!-valinet = With C'*-valine 15.9 14.6 15.2 

Labeled with C'*-valine With C'*-valine With C!*-valine 17.1 16.1 16.6 

Unlabeled * With C'*-valine With C'!*-valine 6.5 8.5 7.5 

* These results are the average of two experiments. In three other experiments little or no N-terminal valine 
was found. 


+ Determination of the percentage of N-terminal valine in the hemoglobin from the first cell-free incubation of 
these ribosomes gave values similar to those in Table 2. 


An estimate of the average length of the incomplete chain in the ribosome can 
be made from the data. lor example, 12.8 per cent of N-terminal valine corre- 
sponds to one N-terminus for each 7 internal valines, while the result with whole- 
cell hemoglobin is one N-terminus for each 11 internal valines. Thus, the incom- 
plete chain in these ribosomes is calculated to be 63 per cent of a complete hemo- 
globin chain. The hemoglobin isolated after the second incubation which con- 
tained 15.9 per cent N-terminal C'‘-valine, was derived from an incomplete chain 
in the ribosome which was 45 per cent of the finished chain. The average length 
of the incomplete hemoglobin chain in ribosomes in the steady state appears to be 
approximately 50 per cent of the completed chain.”” These results, however, 
provide no information as to the number of chains synthesized per ribosome. 

The evidence that ribosomes containing shorter incomplete chains could be 
isolated after a cell-free incubation led to an attempt to demonstrate N-terminal 
C'*-valine in hemoglobin derived from ribosomes labeled originally in the cell- 
free system. It appeared likely that ribosomes labeled in the cell-free system 
might include a few which contained N-terminal valine. These would be ribosomes 
which were “empty” when isolated (ID, Fig. 1), or ribosomes which had “turned- 
over” more than once in the cell-free system. The hemoglobin of the first cell-free 
iricubation might not contain any hemoglobin derived from such ribosomes. How- 


ever, the ribosomes isolated from this incubation and re-incubated with C!?-amino 


acids might yield some hemoglobin from such ribosomes. In addition, the per- 
centage of N-terminal C'*-valine would be accentuated. This was the case, and 
N-terminal valine was found (Table 3) in hemoglobin formed completely in the 
cell-free system. In three other experiments, no N-terminal valine was found. 
The experiments which gave N-terminal valine in the cell-free system, however, 
were those in which the ribosomes were most active, that is, released a larger amount 
of labeled hemoglobin per weight of ribosome. 

These experiments indicate that under favorable conditions the complete pep- 
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tide chain of hemoglobin is synthesized in the cell-free system. Under most 
conditions it is likely that some of the hemoglobin chains labeled in the cell-free 
system contain N-terminal C'*-valine, but that these are difficult to detect in the 
presence of the large amount of C'-valine which is not N-terminal. It is probable, 
also, that incubation times longer than those used in these experiments would be 
more likely to release hemoglobin containing N-terminal C'*-valine from the ribo- 
somes. 

Another prediction of the hypothesis that hemoglobin chains are synthesized 
starting from the amino terminal end, is that hemoglobin isolated from the intact 
cell after short incubations should contain a low percentage of N-terminal C'- 
valine. If the ribosomes in the intact cell only “turn-over’’ a few times the hemo- 
globin formed should resemble hemoglobin of the cell-free system and have low 
N-terminal C'*-valine. Preliminary experiments with intact cells incubated with 
C'*-valine at 37° for short periods of time (0.5 to 2 min) have given hemoglobins 
with N-terminal C'*-valine ranging from 2.5 per cent to the equilibrium value of 
8.3 per cent. Further, the per cent of N-terminal C'*-valine has been proportional 
to the number of “‘turn-overs’” of the ribosomes. The number of “turn-overs’’ 
was considered to be the ratio of total radioactivity in the incubation supernatant 
to that in the ribosomes. 

Discussion and Summary.—The concept, that ribosomes contain incomplete 
peptide chains of the protein they are producing, has been discussed by Loftfield 
et al.?! and a figure similar to the one used here has been presented by these authors. 
Dintzis et al.* have suggested that ribosomes from rabbit reticulocytes contain 
incomplete hemoglobin chains. Early studies with the cell-free system® provided 
further evidence based on the amounts of various C'-amino acids incorporated 
into ribosomes. These amounts were similar to those in hemoglobin. More 
recently, C'-labeled ribosomes incubated in the presence of unlabeled amino 
acids were shown to transfer radioactivity to hemoglobin.’ The amount of radio- 
activity transferred to soluble protein corresponded to the amount present in the 
ribosomes after acid and alkali washing and extraction with ethanol-ether. The 
properties of the intermediates are those of peptides bound firmly to the ribosome. 
The data presented here indicates that the ribosome-bound intermediates are in- 
complete chains starting with N-terminal valine. 

The results which lead to the conclusion that the peptide chain is synthesized 
from the amino terminus and that incomplete sequences are present in the ribosome 
are: (1) The incubation of unlabeled ribosomes with C'4-valine in the cell-free 
system gave very low N-terminal C4-valine. (2) The incubation of C!*-valine- 
labeled ribosomes with C'*-valine in the cell-free system gave an excess of N-ter- 
minal C'*-valine. An important control, which demonstrated that these results 
were not due to release of partial peptide chains or to other lesions in the system, 
was provided by the incubation of C'4-valine-labeled ribosomes with C'-valine in 
the cell-free system. In this case, the percentage of N-terminal C'-valine was 
that of hemoglobin synthesized in the intact cell. (3) A low percentage of N-ter- 
minal C'*-valine was found in hemoglobin made in the intact reticulocyte in the 
first few minutes of incubation. 

We have attempted to explain these results by alternative hypotheses. One 
of these, discussed previously by Steinberg,‘ involves different sizes of intermediate 
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pools. However, in these studies, such pools would have to be bound to the ribo- 
some, resistant to dilute acid and alkaline hydrolysis and ethanol-ether extraction. 
In addition, the pool which leads to the N-terminus would have to be quite different 
from the average of the other pools, and other assumptions would have to be in- 
voked. Studies of the radioactivity in the carboxyl terminus of hemoglobin and 
also of the ‘specific activity of valine residues in known locations along the chain 
should provide a further test of the mechanism proposed here. However, a de- 
finitive test may require isolation of the proposed peptides from the ribosomes. 
Dintzis et al’ have reported preliminary studies on isolation of peptides from reticu- 
locyte ribosomes. 

If this mechanism is correct, it seems likely that the N-terminal amino acid is 
held by some rather firm linkage to the ribosome, probably through its amino 
group. The carboxyl group attached to transfer-RNA (or activated in some other 
way) then joins with the amino group of the next amino acid in the sequence with 
the elimination of the valine-bound transfer-RNA. According to this picture, the 
growing peptide chain terminates at all stages in amino acyl-RNA. 

The results reported here are equivalent to nonuniform labeling. That is, the 
residues of a particular amino acid in different portions of the chain have different 
specific activities. However, whether the ‘nonuniform labeling’? observed by 
Steinberg et al‘ in studies of ovalbumin synthesis is due to the presence of incom- 
plete protein chains in the ribosome remains to be determined. These authors do 
not exclude such a mechanism as an explanation of their findings. The proposed 
mechanism requires that the specific activity of a given amino acid increase along 
the chain from the N-terminal to the carboxyl-terminal end. Such a result has 
been reported recently for amylase synthesis.** However, interpretation of the 
data is complicated by the presence of unlabeled protein precursors of the enzyme. 
The results reported here do not conflict with those reported by Muir et al,?* who 
found uniform labeling in hemoglobin. Their experiments were done in vivo 
and the mechanism proposed here would predict the attainment of uniform labeling 
after a small number of protein molecules were synthesized per ribosome. It is 
likely, therefore, that another explanation is needed for the nonuniform labeling 
observed by Kruh et al** after long term in vivo experiments. It should be noted 
that Shimura et al** found excess labeling in the N-terminal glycine of silk fibroin, 
indicating sequential synthesis from the carboxyl end of the chain. 

Previously, we have concluded that incorporation of C-labeled amino acids 
into protein in this cell free system represents mainly hemoglobin synthesis.® 
The presence of N-terminal C'‘-valine in hemoglobin labeled in the cell-free system 
under favorable conditions supports this conclusion. The synthesis of the com- 
plete hemoglobin chains is limited, however, and the largest part of the C'*-amino 
acid incorporated in the cell-free systems represents synthesis of chains already 
started. That completed hemoglobin chains are formed is indicated by the ex- 
periments in which C'-valine-labeled ribosomes incubated with C'*-valine in the 
cell-free system gave hemoglobin with the same percentage of N-terminal valine 
as did the intact cell. 


We wish to thank Dr. James Bonner for his many helpful suggestions and his 
aid in the preparation of this manuscript. 
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SPECIFIC ANTIBODIES TO THERMALLY DENATURED DEOXYRIBO- 
NUCLEIC ACID OF PHAGE T4* 
By L. Levine, W. T. Murakami, H. VAN Vunakis, AND L. GROSSMAN 
GRADUATE DEPARTMENT OF BIOCHEMISTRY, BRANDEIS UNIVERSITY 
Communicated by A. D. Hershey, June 21, 1960 

Immunochemical analyses! of antisera to ruptured T4 bacteriophage suggested 
that an antibody directed against deoxyribonucleic acid (DNA) might be present. 
In this paper we show that antibodies specific for DNA are indeed present in our 
antisera, and that they react chiefly with thermally denatured DNA. 


Previous workers have reported immunological reactivity of native bacterial and 
mammalian DNA.?~4 
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Materials and Methods.—Bacteriophage T4 was grown on Escherichia coli, strain 
B, in synthetic media and purified by methods described by Herriott and Barlow.® 

Immunizing antigen was prepared by freezing and thawing phage preparations 
containing 10'* particles/ml in 0.1 M NaCl. The ruptured phage were treated with 
pancreatic deoxyribonuclease (DNase) to reduce the viscosity. An alum precipi- 
tate of the ruptured phage solution was formed, and increasing quantities (6 & 10" 
to 4 X 10! phage equivalents) were injected intravenously into rabbits on alternate 
days for a period of five weeks. The rabbits were bled seven days after the last 
injection. After a month, a second and similar course of immunization was re- 
peated. Seven days after the last injection, the rabbits were exsanguinated by 
‘ardiac puncture. Many of the antisera were prepared in 1957 and have been 
stored frozen. The antisera were absorbed with whole phage. 

For extraction of DNA, phage preparations were stirred at pH 9.0 in 0.001 M 
pyrophosphate at room temperature. The pH was then adjusted to 7.5, and NaCl 
added to a final concentration of 0.15 M. Three detergent treatments® and three 
phenol extractions’ were used to remove protein. The DNA was then dialyzed 
against isotonic saline. 

DNA determinations were made by the procedure of Burton,® using a standard 
DNA of known phosphorus content. 

For amino acid analysis, 20 mg of DNA were hydrolyzed for 20 hours with 6 N 
HCl] at 105°C in an evacuated tube. The amino acids in the hydrolysate were 
determined on the Spackman, Stein, and Moore automatic amino acid analyzer.® 
The total amino acid content of several preparations was 0.5 per cent by weight of 
the DNA.” The 0.5 per cent value does not include glycine since a large quantity 
of this amino acid results from the breakdown of adenine and guanine during the 
hydrolysis. 

Antigenic activity was determined by use of quantitative complement (C’) 
fixation! or by a micro-complement fixation technique. "! 

The synthesis of DNA in T4-infected cells was studied as follows: EF. coli B 
were grown to 1.3 X 10° cells/ml in nutrient broth containing 0.5 per cent NaCl and 
infected with 5 T4 phage particles per cell. Aliquots of 500 ml, withdrawn at 
various times during the infective cycle, were chilled and harvested by centrifuga- 
tion. Cell lysis was accomplished by suspending the pellets in 5 ml of 0.15 M NaCl 
containing 0.45 per cent of recrystallized sodium dodecyl! sulfate and 0.001 M pyro- 
phosphate. The solutions were then diluted to 25 ml with saline and centrifuged at 
12,000 X g for 30 min to remove cellular debris. Cell number recovered in each 
sample was corrected as previously described on the basis of RNA content.'? DNA 
was determined chemically and immunologically, the latter analysis being carried 
out on both native and thermally denatured samples. 

Results.—F igure | illustrates the reaction of native and thermally denatured DNA 
(100°C—10 min) with absorbed antiserum. Thermally denatured DNA yielded a 
typical complement fixation curve, showing maximum fixation with 2 wg of DNA. 
About 30 times more native DNA was required to fix equal quantities of C’. This 
reaction may be due to a small amount of denatured DNA contaminating the 
native DNA. Preliminary experiments suggest that the same antibody reacts with 
denatured and native DNA. 
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Fic. 1.—Fixation of complement by increasing 
quantities of native and thermally denatured T4 
DNA with 1.0 ml of antiserum to ruptured T4 
absorbed with whole T4 and diluted 1:200. @ = 
Native DNA; O = thermally denatured DNA. 
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As noted above, 2 ug of denatured NA or 0.01 ug of a hypothetical contaminating 
protein gave a maximum fixation of C’. In Table 1 we show that, in eleven known 


TABLE 1 
AMOUNTS OF ANTIGEN REQUIRED FOR PEAK FIXATION OF COMPLEMENT WITH HoMOLOGOUS 
ANTIBODY 


ug Antigen giving peak fixation 
Antigen Molecular weight with homologous antibody 


Bovine pancreatic ribonuclease 3 104 0.35 
T2 Phage internal protein 2.0 104 


Rhodospirillum heme protein 3.6 X 104 


Swine pepsinogen 4.2 104 


Human serum albumin 1.8 104 
E. coli alkaline phosphatase 0 104 
Human high density lipoprotein 2.0 108 
Human low density lipoprotein 6 10° 
T2 Bacteriophage 5.0 108 
Pneumococcus polysaccharide (IT) Not determined 
Pneumococcus polysaccharide (XIV) Not determined 
Denatured T4 DNA Not determined 


All antisera were diluted so as to fix approximately 50 out of 100 C’H,» units at the maximum 

* Determined as pepsin activity. 
antigen-antibody systems that we have investigated by C’ fixation, the smallest 
quantity of antigen giving peak fixation was 0.35 ug of ribonuclease. The reaction 
with denatured DNA probably cannot be ascribed, therefore, to contaminating 
protein. : 

The nature of the antigen is indicated by enzymic tests. Three yg per ml of 
native or thermally denatured DNA were incubated at 37°C with 0.004 yg pan- 
creatic DNase, 0.02 wg trypsin, or 0.02 ug chymotrypsin per ml. The extent of 
hydrolysis by DNase was followed by determining the release of acid soluble 
material absorbing at 260 mu. Aliquots of the reaction mixtures were removed at 
various times and heated in a boiling water bath for 10 min (to inactivate the 
enzymes and denature DNA). 

The antigenic activity was destroyed by pancreatic DNase, but was not signifi- 
cantly altered by trypsin or chymotrypsin (Fig. 2a). The loss in antigenic activity 
coincided with the release of acid soluble material (Fig. 2b) during DNase digestion 
and under the given conditions proceeded more rapidly when native rather than 
denatured DNA was used as substrate.'* These results are in contrast to those 
obtained with F. coli phosphodiesterase, which is known to digest denatured DNA 
but not native material.'‘ We find that this enzyme destroys the antigenicity of 
denatured DNA but not that of native DNA. 
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Fig. 2a.—Action of trypsin, chymotrypsin 
and DNase on the serological reactivity of T4 
DNA. O = Thermally denatured DNA; A = 
trypsin-treated thermally denatured DNA: [J 
= chymotrypsin-treated thermally denatured 
DNA; @ = pancreatic DNase treated ther- 
mally denatured DNA; 4& = pancreatic 
DNase treated native DNA. 
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Fic. 2b.—Release of acid-soluble ultraviolet 
light-absorbing material through the action of 
pancreatic DNase (0.04 ug/ml) on native and 
thermally denatured DNA (30yug/ml.) @= na- 
tive DNA; O = thermally denatured DNA. 
Measurements of optical density per cm. at 260 
my (Acoso) were made after precipitation with an 
equal volume of 0.6 N perchloric acid. 


Recently, it has been shown that denatured DNA can regain, under favorable 


conditions, several properties of native DNA."~" Since the antibody described 
above reacts with denatured DNA, DNA renaturation should be accompanied by 
loss of antigenic activity. The appropriate experiment is described in Figure 3. 
Three hundred yg of thermally denatured DNA was diluted 1 to 20 into 0.15 M 
NaCl at 55°C and incubated at this temperature. Aliquots were taken at various 
times, diluted into ice cold buffer and assayed for antigenic activity. After nine 
hr, approximately 65 per cent of the activity had been lost, presumably by re- 
naturation. Full recovery of antigenic activity was obtained when an aliquot of 
the 9-hr sample was reboiled. 

Thermal denaturation of DNA presumably ruptures hydrogen bonds holding 
complementary polynucleotide chains together, thereby exposing groups which were 
formerly masked.'*'® In the T-even bacteriophages, such components include 
thymine, adenine, guanine, 5-hydroxymethylcytosine, and glucosylated 5-hydroxy- 
methyleytosine. It is therefore possible that the antigenic determinants of ther- 
mally denatured DNA are glucose and/or the nitrogen bases. With respect to 
glucose, the antibody may be directed toward repeating glucose residues. Since 
the extent of glucosylation differs in the T-even phages, immunochemical analyses 
of cross reactions with DNA from different T2, T4, and T6 phage strains should 
evaluate this possibility. 

DNA was isolated from T4, T2,and T2. The latter strain of phage was developed 
by Streisinger and Weigle'® by crossing T2 with T4 in such a way as to obtain a 
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Fic. 3.—Renaturation of ther- MINUTES 
mally denatured T4 DNA at 55°. 
Thermally denatured DNA _ was 
diluted to a final concentration of ent Be oer bacbaeli 
15 ug/ml in 0.15 M NaCl preheated phage parucies per bacterium. 
to 55° and maintained at that tem- & = DNA measured by the di- 
perature. Aliquots were taken at phenylamine reaction ; @ = phage 
various times, diluted into ice cold DNA measured by complement 
buffer and assayed for antigenic fixation assay of boiled samples. 
activity. After 9 hr at 55°, a sam- For use in these experiments, 
ple was reboiled for 10 min prior to antisera were absorbed with phage, 
assay. then with ruptured phage digested 
with DNase (previously treated 
with diisopropylfluorophosphate ) 
and snake venom diesterase. 
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Fic.. 4.—Synthesis of phage 
DNA by E. coli B infected with 5 


phage with the glucose content of T4 but otherwise largely isogenic with T2. 


l'ixation of complement was greater with T2 DNA in the presence of T4 antiserum 
than with T2 DNA. This property of T2 DNA was not found in four mutant 
phages derived from T2. It seems probable, therefore, that glucose residues con- 
tribute to the serological reactivity. 

The products resulting from the hydrolysis of DNA by pancreatic DNase are 
potent inhibitors of the antigen-antibody reaction. Some inhibition can be ob- 
served with 5-hydroxymethylcytosine but not with glucose. Perhaps the anti- 
genically effective repeat unit is glucosylated 5-hydroxymethylceytosine. 

The course of viral DNA synthesis in a culture of EF. coli B infected with 5 T4 
particles per bacterium is shown in Figure 4. Net increase of DNA as determined 
by the diphenylamine procedure was detectable 6-8 min after infection. Net in- 
crease of T4 DNA determined immunologically on heated samples occurred at the 
same time. £. coli DNA” did not react with the T4 antiserum nor did lysates of 
uninfected bacteria. 

Discussion and Summary.—In this study, a reaction between thermally de- 
natured DNA and antibody present in antisera of rabbits immunized with ruptured 
T4 phage was demonstrated. 

Evidence that the antigenicity resides in the DNA molecule is manifold. The 
protein content of the DNA preparation is too low to account for the observed 
fixation of C’. In infected cells, the times of synthesis of DNA and of the immuno- 
logically reactive substance coincide. Pancreatic DNase and £E. coli phospho- 
diesterase, enzymes that hydrolyse DNA in entirely different ways, destroy the 
antigenicity in parallel with their known enzymatic action. The serological re- 
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activity is low with native DNA and with DNA that has been first denatured and 
then restored by heating at 55°C. The effects of varied temperature, concentra- 
tion, ionic strength and pH all indicate that serological reactivity manifests itself 
when the DNA strands are separated and disappears when the strands recombine. 

Several observations suggest that the repeat unit responsible for the sero- 
logical specificity is glucosylated 5-hydroxymethylcytosine. The antibody 
found in T4 antiserum cross reacts with DNA from T2 and T6, but not with Z. coli 
DNA or with DNA from calf thymus. Among derivatives of T2, only one with a 
high glucose content yields a DNA serologically equivalent to that of T4. Glucose 
itself does not compete in the reaction with DNA, but 5-hydroxymethyleytosine 
does to some extent. The possibility that DNA contains other determinants of 
serological specificity is not, of course, excluded by these observations. 

Antibodies to thermally denatured DNA have also been found in anti-T2 and 
anti-T6 sera. Immunization with nonglucosylated DNAs has not yet been suc- 


cessful. 


We wish to acknowledge the expert technical assistance of Eleanor Wasserman 
and Claudette Doucet. 
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A HYBRID HELIX CONTAINING BOTH DEOXYRIBOSE AND RIBOSE 
POLYNUCLEOTIDES AND ITS RELATION TO THE TRANSFER OF 
INFORMATION BETWEEN THE NUCLEIC ACIDS 


By ALEXANDER RIcH 


DEPARTMENT OF BIOLOGY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY 


Communicated by Victor F. Weisskopf, May 20, 1960 


One of the central problems in molecular biology today is the mechanism whereby 
genetic information which is stored in the deoxyribosenucleic acid (DNA) is trans- 
ferred to other molecular species. It is quite clear that genetic information is con- 
tained in the DNA molecules. This was initially demonstrated by work on the 
bacterial transforming factor and more recently by the analysis of the mechanism 
of bacteriophage infection. It is equally clear at the present time that the major 
mode of expressing a genetic potentiality is by governing protein synthesis. Pro- 
tein synthesis is carried out in the microsomal particles. However, the information 
bearing elements in protein synthesis are believed to be found in the ribosenucleic 
acid (RNA), which constitutes over one half of the microsomal particle. The 
other component of these particles is protein, and it is unlikely that this has an im- 
portant role in ordering the sequence of amino acids because the microsomal pro- 
tein component seems to be common to all particles even though they are syn- 
thesizing widely different proteins. ' 

This has led to the hypothesis that DNA “makes” RNA. The implication 
in this statement is that there exists a mechanism whereby the DNA molecule 
can act as a template for determining the order of ribonucleotides, so that the DNA 
nucleotide sequence (hence information) is related to that found in the RNA 
molecule. Up to the present there has been no experimental evidence regarding 
the mechanism of this transfer. The purpose of this paper is to show that it is 
possible to form a specific and complementary helical complex involving a syn- 
thetic DNA strand and a synthetic RNA strand. In this we demonstrate that 
this is a possible method for the transfer of the information from DNA to RNA. 

Synthetic polynucleotides were used in carrying out this study. For several 
years, the synthetic polyribonucleotides have been available as a result of the 
work of Ochoa and his collaborators on the enzyme polynucleotide phospho- 
rylase.2. In the presence of a proper substrate, this enzyme has the ability to poly- 
merize a variety of nucleotides which have the same ribosephosphate backbone 
as that found in naturally occurring RNA. These materials have been extremely 
useful in carrying out a variety of experiments on polynucleotide interaction. 
In particular, it has been possible to demonstrate with them the formation of a 
variety of two and three stranded helical complexes, such as polyriboadenylic acid 
plus one or two strands of polyribouridylic acid.*: ‘ 

More recently synthetic polynucleotides containing the deoxyribose backbone 
have been polymerized by Khorana and his associates.> Using a new polymeri- 
zation mechanism, they have been able to make a series of deoxyribose polymers 
with chains containing up to 20 residues. Although these are considerably shorter 
than many of the synthetic polyribonucleotides, nonetheless it was decided to 
attempt to form helical complexes with these materials. 
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Methods and Materials.—The author is indebted to Professor Khorana who 
generously made available a reaction mixture from one of his polymerizations of 
polydeoxyribothymidylic acid.* This reaction mixture was chromatographed on a 
diethyl-amino-ethyl cellulose column using a lithium chloride gradient at neutral 
pH. This method is essentially a modified form of that used earlier by Khorana 
and his collaborators.> From the eluate it is possible to obtain reasonably pure 
fractions which have various degrees of polymerization. Optical density measure- 
ments at room temperature were made in a Cary Recording Spectrophotometer. 
A Beckman spectrophotometer equipped with thermal spacers was used for making 
optical density measurements at other temperatures. Sedimentation constants 
were determined in a Spinco analytical ultracentrifuge. Extinction coefficients 
were measured using a modified orcinol reaction for the ribose polymers and acidic 
hydrolysis for the deoxyribose polymer.® 

Results.—Initially, three different experimental methods were used to demon- 
strate the formation of two and three stranded helical complexes among the syn- 
thetic polyribonucleotides.*: 4 When two polynucleotide species combine to form 
a helical complex there is usually a drop in the optical density of the absorption 
band. The hypochromicity in the ultraviolet arises in conjunction with the 
packing of the purine and pyrimidine residues. This drop can be used as a quanti- 
tative measure of the extent of complex formation and as a means of measuring 
the stoichiometry by using the 
method of continuous variation. 

Another experimental method is the Polydeoxyribo T 
demonstration of aggregation shown 0.8. Putyribo A /, \ 

by an alteration of the hydrody- ; \ 

namic properties of the solution re- \ 
flecting the change in molecular seibiiiae. ' \ 
weight. This is most easily accom- _ pgensity \ 
plished by using the analytical ultra- 0.4 

centrifuge. Finally, X-ray diffrac- 

tion studies of fibers provide a di- 

rect demonstration of the helical na- 

ture of the complex and are used to 

deduce the geometry and structure 

of the complex. 220 240 260 280 300 

In the present communication, we d (mp) 
report spectrophotometric and ultra- Fig. 1.—The spectra of polyriboadenylie acid, 
centrifugal experiments which dem- Relvdeorsibothymdyi, acid and 1:1. mixture 
onstrate the existence of the com-  dylate at pH 6.9. T = 24°C. 
plex. X-ray diffraction studies have 
been initiated but are still in a preliminary stage and the results of those experi- 
ments will be reported elsewhere. 

The polydeoxyribothymidylic acid used for the spectrophotometric studies 
consisted of a mixture of polynucleotides with 11 to 13 residues in the polymer 
chain. The polyriboadenylic acid was a much longer material containing around 
2,000 nucleotides. The ultraviolet absorption spectrum of these materials is 
illustrated in Figure 1. Polyriboadenylic acid has an absorption maximum at 
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2,590 A, while polydeoxyribothymidylic acid has a maximum at 2,660 A. The 
1:1 mixture of these materials at neutral pH in 0.6 M NaCl shows a lowering of 
optical density which can be seen very clearly where the two individual absorption 
spectra cross at 2,625 A. There is a 12 per cent lowering of the optical density at 
that wavelength. This is somewhat lower than the hypochromicity which has been 
reported for other polynucleotide complexes,‘ 7 and is related to the fact that one of 
the polynucleotides is very short. The hypochromicity is in fact related to the degree 
of polymerization and this will be discussed more thoroughly in another paper. 

An indication of the type of complex found can be shown by measuring the 
absorption coefficient at 2,625 A fora variety of mixtures of the two polynucleotide 
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species. The results are illustrated in Figure 2. The concentration of polymeric 
materials is the same at all points but the mole ratio is altered in a continuous 
fashion in order to illustrate the formation of the hybrid complex. It can be seen 
that at neutral pH and room temperature a 1:1 complex forms in 0.15 M LiCl 
while a 2:1 complex forms when the salt concentration is increased to 1 M LiCl. 
The results are analogous with those found earlier for the two and three stranded 
helical complexes formed between polyriboadenylic acid and polyribouridylic acid, 
or polyriboadenylic acid and polyriboinosinie acid.4;7 A higher ionic strength 
promotes complex formation and more electrolyte is required in the solution for the 
addition of the third strand than is needed for the second strand. These experi- 
ments were carried out using LiCl solutions but similar results are found with NaCl. 
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Divalent cations are more effective in promoting the formation of this hybrid com- 
plex; a result which has been noted previously with the ribonucleotide complexes.‘ 

Another property of the complex can be demonstrated by measuring the hypo- 
chromicity as a function of temperature. By this means the thermal denaturation 
or “melting out” of the complex can be followed by observing the rise in optical 
density as the temperature is raised. The results of this experiment are illus- 
trated in Figure 3. In Figure 3a the optical density is plotted for 0.6 M LiCl at 
pH 7. These show that the spectrum of polyriboadenylic acid itself rises gradually 
as the temperature is increased. However, there is no change in the extinction 
coefficient of the polydeoxyribothymidylic acid with temperature. The dotted 
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The difference between the dashed curve in 3(a) 
and the observed curve for polyriboadenylic acid plus 
polydeoxyribothymidylic acid (A O.D.) is plotted as a func- 
tion of temperature. The difference is zero about 40°C 
showing complete dissociation. 


line in Figure 3a is the mean of these two curves and accordingly represents the 
temperature dependence of a nonreacting mixture of the two polynucleotides. 
Plotted in the same figure is the observed change in the optical density of the 1:1 
complex as a function of temperature. It can be seen that at low temperatures, the 
complex has a lower optical density. However, it rises sharply around 27° until 
finally near 40° the curve is coincident with the dotted line showing that there is no 
longer any complex present. The ‘melting out’’ or thermal destruction of the heli- 
cal complex can be shown by plotting the difference between the nonreacting, 
dashed curve and the experimentally observed curve. The difference, A O.D., 
is plotted as a function of temperature in Figure 3b, and it has the value of zero 
beyond 40° which shows that the complex is fully broken. 

Ultracentrifugal studies provide clear evidence for complex formation. These 
studies were carried out in 1 M LiCl; the high ionic strength was used to insure that 
the small polydeoxyribonucleotides would be attached to the longer ribosepoly- 
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nucleotide. Under these conditions the sedimentation constant of the polyribo- 
adenylic acid was Sy» = 11.7. The polydeoxyribothymidylic acid had a sedimen- 
tation constant of less than 0.1 since the material never left the meniscus even 
though the centrifuge rotor was operating at its highest speed for a prolonged period. 
On forming the 1:1 complex a sedimentation constant of 13.7 was observed. Under 
similar conditions, the 2:1 complex had a sedimentation constant of 16.8. Thus 
the experiments are clearly consistent with the spectrophotometric results in 
demonstrating the existence of a complex. 

Several tests were carried out to check on the specificity of the interaction to 
ascertain whether or not the hydrogen bonding potential of the thymine residue 
is used. These experiments were carried out in two ways. A variety of poly- 
nucleotide mixtures were made and spectrophotometric tracings were obtained 
at room temperatures using neutral solutions of 0.6 LiCl. In addition, the ef- 
fect of divalent cations was tested by using solutions containing 0.01 M MgCl. 
Another type of spectrophotometric experiment was carried out at a low tem- 
perature (0.5°C) with a high ionic strength, (1 M NaCl, 0.01 M MgCl). These 
conditions favored the formation of complexes and a lowering of the optical density 
was used as an indication that a reaction had occurred. The results of these tests 
are shown in Table 1. 

Before discussing Table 1 it is worth recalling the results of experiments with a 
variety of synthetic polyribonucleotides. Polyriboadenylic acid has the ability 
to take on an additional strand of polyribouridylic acid to make a two stranded 
helix. It can also take on a second strand of polyribouridylic acid to make a 
three stranded helix. It is believed that the essential features necessary for this 
interaction are the presence of a keto oxygen on C, of the uracil residue and a proton 
on N,. When this tautomeric form is present, there are two sites at which the 
uracil can form a pair of hydrogen bonds with the adenine ring: 

(1) Uracil keto oxygen on C, bonding to the amino group of adenine and the 
N,-H bonding to the N, of adenine. These are the bonds which are used in the 
Watson-Crick structure of DNA. 

(2) However, adenine can form a second set of hydrogen bonds with the uracil 
residue.* These involve a hydrogen bond between the adenine amino group 
and the keto oxygen on the Cy of uracil, and a hydrogen bond formed between 
the N,-H of uracil and the imidazole N; of adenine. This type of arrangement was 
first postulated for the combination of polyriboadenylic acid plus two-polyribouridy- 
lic acids. However, this hydrogen bonding has recently been found in a crystal 
containing adenine and thymine derivatives.’ In addition to a three-stranded 
helix involving uracil residues, polyriboadenylic acid can form analogous structures 
with two strands of polyriboinosinic acid or two strands of polyribothymidylic 
acid.?;* In these latter examples, a keto oxygen is found on C, and a proton is 
attached to N, of thymine or hypoxanthine, and it is likely that they form an 
analogous set of hydrogen bonds. 

In this light we can now consider the results of the survey for the specificity of 
polydeoxyribothymidylic acid. Table 1 has three columns. Column 1 shows 
reactions which might result in the formation of a two stranded helix. Here, 
deoxy T reacts only with ribo A (using the abbreviations in the table). Column 
2 lists reactions which might result in the formation of a three stranded helix. 
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TABLE 1 
Tue REACTIVITY OF POLYDEOXYRIBOTHYMIDYLIC ACID 


Two-stranded Reaction Three-stranded Reaction Four-stranded Reaction 


ae ~ 


ribo A + deoxy T + 


A 


(ribo I); + deoxy 


(ribo A +4 ribo U) 
+ deoxy T 


ribo U + deoxy T (ribo A + ribo I) (ribo A + 2 ribo U) 


ribo I + deoxy T 
ribo C + deoxy T 


+ deoxy T 

(ribo A + ribo T) 
+ deoxy T 

(ribo A + deoxy T) 
+ ribo U 


+ deoxy T 

(ribo A + 2 ribo I) 
+ deoxy T 

(ribo A + 2 ribo T) 
+ deoxy T 


(ribo 3 + deoxy T) 
+ ribo I 
(ribo A + deoxy T) 
+ ribo T 
(ribo A + deoxy T) 
+ ribo C 
(ribo I + ribo C) 
+ deoxy T 
A plus sign indicates a reaction occurred as measured by a lowering of optical density. Parentheses implies that 
the complex was formed before the addition of the testing substance. The experiments with (ribo I); were 
carried out under conditions in which the three stranded helix is stable. 


Abbreviations: deoxy T = polydeoxyribothymidylic acid, ribo A = polyade nylie acid, ribo I = polyriboinosinic 
acid, ribo C = polyribocytidylic acid, ribo T = polyribothymidylic acid.' 


Thus deoxy T will add as a third strand to several two stranded helices: rbo A 
+ ribo U, ribo A + ribo I, ribo A + ribo T as well as ribo A + deoxy T. In ad- 
dition, the two stranded helix of ribo A + deoxy T can take on as a third strand ribo 
U, ribo I, orribo T. In the third column are listed experiments designed to test for 
the formation of four stranded helices. The results of these tests were all negative. 
We may summarize these tests for specificity by stating that polydeoxyribo- 
thymidylic acid acts in a manner which is analogous to polyribouridylie acid or 
polyribothymidylice acid. In short, the absence of the addition oxygen atom on 
carbon-2’ of the sugar does not change the specificity which is inherent in the 
structure of the pyrimidine residue in these polynucleotides. This does not, of 
course, mean that it does not alter the readiness with which these reactions occur, 
either measured in terms of rate or free energy changes. However, at the present 
time we are only concerned with the question of the specificity of the reaction. 
Discussion.—X-ray diffraction work which has been carried out on the synthetic 
polyribonucleotides amply demonstrates that they form molecular complexes which 
are helical and which are built along lines roughly similar to those found in DNA, 
namely a helix in which the purine and pyrimidine bases are located in the center 
and the ribose-phosphate chain on the outside. However, despite the similarities 
between the complex of polyriboadenylic acid + polyribouridylic acid and DNA 
it is worth emphasizing that there are significant differences. The major difference 
results from the presence of the ribose group in the backbone of the synthetic 
polynucleotides which significantly alters the helical configuration. Thus, for 
example, the polyriboadenylic acid + polyribouridylic acid complex has a diameter 
6 A greater than that found in DNA." This in turn means that the helical axis of 
the molecule is not in the same position relative to the purine-pyrimidine base pair 
as it isin DNA. These differences are, of course, due to the presence of the ad- 
ditional oxygen on carbon-2’ of the ribose residue. DNA in its accepted configura- 
tion could not have an additional oxygen on this site because there is not enough 
room for it. The oxygen atom with its Van der Waals radius of 1.4 A significantly 
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alters the configuration of the ribose sugar relative to that of deoxyribose. Despite 
these differences a prediction was made that it would be possible to produce hybrid 
helices with both ribose and deoxyribose backbone chains because the similarities 
between the two backbones were believed to be greater than the differences. '* 
The present experimental demonstration of this implies that the two different 
backbones are somehow able to accommodate each other and it is quite likely that 
X-ray diffraction studies will show that a compromise is reached regarding the 
diameter of the helix as well as in the position of the helix axis relative to the 
purine-pyrimidine base pair. In this regard it is quite likely that the ribose- 
phosphate chain will be at a greater distance from the helix axis than the more 
closely packed deoxyribose-phosphate chain. 

It is likely that the hydrogen bonding in the hybrid complexes is similar to that 
described above for polyriboadenylic acid plus two polyribouridylic acid. Further 
information on this hydrogen bonding arrangement should come from X-ray dif- 
fraction work on these complexes. 

With the increasing availability of synthetic techniques or possibly with the 
use of the DNA polymerase enzyme it may be possible to extend this type of 
study by utilizing other polydeoxyribonucleotides. In this way it should be 
possible to explore more fully the effect of the additional hydroxyl group on the 
ribonucleotide part of the hybrid helix. For example, it would be of great interest 
to know whether it is possible to make a hydrogen bond involving that hydroxyl 
which bonds to one of the oxygen atoms on an adjacent nucleotide, such as oxygen-1’ 
of the next ribose ring. 

Relation to the transfer of information between nucleic acids: We have no direct 


experimental information at the present time which demands that the DNA 
nucleotide sequence influences the ordering of the nucleotides on RNA. Nonethe- 
less this is widely believed because of a large number of indirect experiments which 
point to this as the major route for expressing genetic potentialities. However, 


the manner in which this is done is quite unknown. 

When three-stranded polynucleotides were first discovered using synthetic 
ribonucleotides, it was suggested that this might be the analogue of a mechanism 
whereby a two-stranded DNA molecule might serve as a template for the manu- 
facture of a single-stranded RNA molecule.‘ Indeed, the fact that there is a deep 
groove in DNA just large enough to accommodate a single polynucleotide strand 
was extremely suggestive. However, despite work by many individuals for several 
years no adequate structural solution has been found. That is, using our presently 
accepted stereochemical concepts, no satisfactory molecular arrangement has 
been devised whereby the hydrogen bonding potentiality of an incoming ribonucleo- 
tide strand would be specified by one complementary pair of a DNA molecule." 

In addition to this somewhat negative evidence, some new results have come 
to light recently which have underlined the importance of a single polynucleotide 
strand in relation to its biological activity. These have been first of all the recog- 
nition by Kornberg and his associates that the best primer for the replication 
of DNA was a single strand of DNA rather than the double-stranded complemen- 
tary molecule.'* The single strand polymer, however, results in the production of 
a double-stranded DNA molecule. Thus a single-stranded DNA is the template 
for its own replication. The second important development was the discovery 
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by Sinsheimer that the DNA within the small virus ®X-174 is itself single stranded.” 
This single strand of DNA contains all the biological information necessary to 
replicate the virus. Both of these events have reinforced the concept that the 
biological production of RNA may proceed through an analogous mechanism 
whereby a single strand of DNA serves as a template for the production of a com- 
plementary RNA strand.'* After polymerization, the RNA strand is separated 
from the original template molecule and it then carries genetic information. This, 
of course, presupposes an enzymatic system capable of utilizing ribonucleotide di- 
or triphosphates and which is dependent upon the presence of a single stranded 
DNA primer for its activity. Although there are some recent indications which 
suggest that there may be more than one type of enzyme for polyribonucleotide 
synthesis, the situation is unclear at the present time. 

Some interesting indirect experimental evidence is available which is pertinent 
to the question of how DNA influences the RNA of the cell. First we may mention 
the experiments of Belozersky and Spirin'® who have analyzed the base ratios of 
(guanine + cytosin)/(adenine + thymine) in the DNA of a variety of micro- 
organisms and compared them to the comparable base ratios in RNA [(guanine + 
cytosine) /(adenine + uracil)|. The results do not show a 1:1 correspondence 
but nonetheless they do show a weak dependence of the RNA base composition on 
the DNA base composition of the same cell. The suggestion can be made that 
this reflects the fact that there are several different types of RNA inside the cell, 
only some of which may be important in conveying the genetic information present 
in DNA, while the other types of RNA may have a variety of other functions. 
We are, of course, aware of the fact that there are several types of RNA in the cell, 
such as microsomal, soluble, nucleolar, and other nuclear types. Which of these 
may reflect the base composition of DNA is as yet unknown. 

More direct evidence is available from the experiments of Volkin and Astrachan 
which were carried out on bacteriophage infected cells of FE. colt.” Shortly after 
the invasion of the bacterial cell by the DNA of the T2 bacteriophage, they could 
demonstrate the production of a new type of RNA in the cell. This RNA has a 
gross base composition which is identical to that of the invading phage DNA 
and quite different from that of the host RNA. The newly synthesized RNA 
was identified by means of isotopic phosphorous or carbon and they showed that 
the amount of newly synthesized adenine was equal to the uracil while cytosine 
was equal to the guanine in the same ratios as were present in the invading DNA 
if we equate uracil to thymine. These experiments were again repeated using 
another bacteriophage (T7) which contains a different base ratio and again the 
newly synthesized RNA had the same base composition as the invading DNA. 
Thus it is quite likely that these results reflect something which is fundamental 
in the metabolism of the phage infected bacterial cell. 

It is reasonable to believe that the incoming bacteriophage DNA has a direct 
role in promoting the synthesis of the new type of RNA which Volkin and Astrachan 
have identified. The fact that the RNA composition is identical to that of the 
invading DNA has some interesting consequences. This is, of course, compatible 
with a mechanism in which the invading DNA is split into single strands, each 
strand of which serves to produce a complementary type of RNA. This would 
directly explain the composition of the new RNA. However, there is another 
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possibility. If one strand of the invading DNA were inhibited from acting as a 
template for synthesizing RNA, then only a single strand of RNA could be poly- 
merized. However, if this occurred it is quite unlikely that the resulting RNA 
would have a composition identical to that of the intact DNA. It is improbable 
(but not impossible) that a single strand of a DNA duplex has by itself a com- 
plementary base ratio. In the case of the single strand of DNA in ®X-174 the 
base ratios are not complementary. '® 

However another alternative is possible if only a single strand of DNA operates 
to make a single strand of RNA. It is conceivable that this single strand of RNA 
produces more RNA using the same type of mechanism, i.e., one in which it acts 
as a template for making two stranded complementary RNA. This would, of 
course, produce an RNA with base ratios such as Volkin and Astrachan have ob- 
served. At the present state of our knowledge we do not have enough information 
to chose between these various alternatives. However, we are left with an inter- 
esting question regarding the physiological role of the two RNA strands which ap- 
pear to be present on the basis of the bacteriophage experiments. For instance, are 
both of these complementary RNA strands used in protein synthesis and by what 
mechanism? We can only speculate at the present time. 

The demonstration that a hybrid helix is possible involving a synthetic DNA 
and a synthetic RNA strand should further stimulate attempts to find a mixed 
species of this type within the cell. Such a complex may, of course, have only 
a very transient existence and the molecule may be very unstable. Nonetheless 
this would represent a fruitful type of research to pursue at the present time. 

Conclusions.—-_In this paper we have presented evidence which shows that it is 
possible to have a hybrid helix in which one strand with a DNA backbone can be 
made to wrap around another strand with an RNA backbone in such a manner 
that the strands are held together by complementary hydrogen bonds formed be- 
tween the purine and pyrimidine residues. This finding may have relevance in the 
process whereby the genetic information or nucleotide sequence in DNA is trans- 
ferred to an RNA molecule and suggests experiments which should be carried out 
to search for the existence of such transfer mechanisms in intact cellular systems. 
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ADENOSINE 5'-PHOSPHOSULFATE AS AN INTERMEDIATE IN THE 
OXIDATION OF THIOSULFATE BY THIOBACILLUS THIOPARUS 


By Harry D. Peck, Jr. 
BIOLOGY DIVISION, OAK RIDGE NATIONAL LABORATORY * 
Communicated by Alexander Hollaender, May 23, 1960 


Orthophosphate is required for the complete oxidation of thiosulfate to sulfate 
by whole cells of Thiobacillus thioparus. Arsenate can replace phosphate in this 
process.'~* Santer‘ observed that, during the oxidation of thiosulfate in the 
presence of O'8-labeled orthophosphate, O'* is transferred to the sulfate produced 
in the oxidation. This transfer is also insensitive to 2,4-dinitrophenol. These re- 
sults suggest that one or more sulfur-containing nucleotides are intermediates in the 
conversion of thiosulfate to sulfate. Adenosine 5’-phosphosulfate (APS) and 3’- 
phosphoadenosine 5’-phosphosulfate (PAPS) have been shown to be intermediates 
in the metabolism of sulfate by yeast and mammalian tissue. PAPS is the “active 
sulfate’ of mammalian tissue and can transfer sulfate to phenols, carbohydrates, 
and steroids.’ In addition to sulfurylation reactions, extracts of yeast can reduce 
PAPS to sulfite and 3’,5’-diphosphoadenosine (PAP) in the presence of TPNH 
(eq. (1)).6 7 

PAPS + 2e > PAP + SO; (1) 


Although APS has not been shown to participate in sulfate transfer reactions, APS 
reductase can reduce the sulfate of APS directly to sulfite in extracts of Desulfovibrio 
desulfuricans (eq. (2)).° 

APS + 2e = AMP + SO; (2) 


This reaction seems to be reversible since APS can be formed from AMP and sulfite 
in the presence of partially purified preparations of APS reductase from this organ- 
ism.’ The observations that the sulfate of PAPS and APS can be reduced to sulfite 
(eqs. (1) and (2)) and the reduction of APS is reversible suggest a mechanism for the 
participation of sulfur-containing nucleotides in the oxidation of thiosulfate. If it is 
assumed that sulfite can be produced in the oxidation of thiosulfate, the oxidation 
of sulfite by the reversal of either APS or PAPS reduction leads to the formation of 
one or more sulfur-containing nucleotides. 

Santer’s O" data, although indicating that a sulfur-containing nucleotide is an 
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intermediate in the oxidation of thiosulfate, does not give any information on the 
structure of the postulated sulfur-containing nucleotide. Examination of the ac- 
tivities of enzymes known to be involved in the metabolism of sulfate might, how- 
ever, give evidence pertaining to the nature of this nucleotide. The results of such 
an enzymatic survey with cell-free extracts of 7. thioparus are reported in this 
communication. 

Methods.—T. thioparus (A.T.C.C, 8158) was grown on Starkey’s medium num- 
ber 2" and harvested in the Sharples centrifuge. The cells were suspended in dis- 
tilled water and the elemental sulfur formed during growth removed by low-speed 
centrifugation. The cells were recovered, washed twice with 0.025 M phosphate 
pH 7.0 and a 30 per cent suspension of cells prepared in the same buffer. The sus- 
pension of cells was then passed twice through a french pressure cell (American 
Instrument Co.) and centrifuged at 20,000 X g for 30 min. APS was chemically 
synthesized by the method of Baddiley et al.,'! and S*-labeled APS was prepared 
by incubating ATP and 8*O,~-~ with a cell-free extract of D. desulfuricans. PAPS 
labeled with 8S* was prepared by incubating ATP and 8*O,~~ with partially purified 
sulfate-activating enzymes from yeast (Fraction III; Robbins and Lipmann!’?). 
Both labeled nucleotides were isolated by paper electrophoresis with 0.03 M citrate 
buffer, pH 5.5. 

Determinations.—ATP sulfurylase was assayed by the molybdate method of 
Wilson and Bandurski;'* ADP sulfurylase by the method of Robbins and Lip- 
mann;!2, PAPS and APS reductase with TPNH under the conditions used by Wilson 
and Bandurski;*’ PAPS and APS reductase with reduced methyl viologen by the 
method of Peck;’ sulfide oxidase by oxygen uptake in the Warburg respirometer ; 
thiosulfate reductase by the method of Kaji and McElroy;'* adenylate kinase by 
the method of Slein et al." 

Results and Discussion.—T. thioparus obtains the energy required for autotrophic 
growth through the oxidation of elemental sulfur, thiosulfate, or other reduced 
compounds of sulfur. Sulfate is the product of these oxidations except with thio- 
sulfate, where elemental sulfur accumulates. The oxidation of thiosulfate has 
been studied with resting cells and evidence presented for the formation of tetra- 
thionate as an intermediate in the oxidation of thiosulfate.? Other data indicate, 
however, that tetrathionate is not an obligatory intermediate in the oxidation of 
thiosulfate."® Kaji and McElroy have recently described an enzyme from yeast 
that catalyzes the reductive cleavage of thiosulfate to sulfite and sulfide in the 
presence of reduced glutathione (eq. (3))."4 

4H+ + 4e + 28,0;-- — > 280,-- + 288 (3) 
sulfide oxidase 
2HS + Oy —— 28° + 2H.0 
APS reductase 
2S80;-- + 2AMP =~ 2APS + 4e 
ADP sulfurylase 
2APS + 2P, = 2ADP + 280,-— 


adenylate kinase 


2A DP == AMP + ATP 
AMP + 2P; + 4H*+ — 28° + 280,-- + ATP + 2H,0 (8) 
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Such a reaction might be invoked to explain the production of eiemental sulfur and 
sulfate from thiosulfate by this organism although other mechanisms have been 
proposed.’ 

As shown in Table 1, the cell-free extract of 7. thioparus oxidized thiosulfate 
only in the presence of reduced glutathione. Oxygen uptake observed with TPN 
and reduced glutathione may be caused by a TPNH oxidase and glutathione reduc- 
tase;!’ however, in this crude preparation, thiosulfate oxidation does not seem to 
require TPN. The activity observed with thiosulfate probably represents the 
oxidation of sulfite to sulfate, since oxygen uptake is much more rapid with sulfite 
than with sulfide. 

The methods described by Kaji and McElroy'* were used to demonstrate the 
presence of thiosulfate reductase by the formation of both sulfite and sulfide from 
thiosulfate. The specific activity of this enzyme in crude extracts of 7’. thioparus is 
shown in Table 2. The presence of thiosulfate reductase does not, however, elimi- 
nate a pathway of thiosulfate oxidation that involves polythionates. Sulfide is 
oxidized by cell-free extracts (see eq. (4) and Table 2), but most of this activity is 
located on the particles that utilize 0.5 umole of oxygen per uw mole of added 
sulfide. Although this organism can oxidize elemental sulfur, accumulation of 
elemental sulfur occurs when the thiosulfate concentration is high.'® This may 
be explained by a more rapid production of elemental sulfur from thiosulfate 
than removal of elemental sulfur by oxidation. 


TABLE | 


THIOSULFATE OXIDATION BY Extracts OF Thiobacillus thioparus 
Activity, 
Reaction mixture ul Ov utilized/20 min 
Complete 92 
Complete minus TPN 90 
Complete minus glutathione 14 
Complete minus Na2S.O; 34 
Complete minus enzyme 0 
The complete system contained (uwmoles): Tris, pH 8.0, 300; MgCh, 10; total 
TPN, 0.26; glutathione, 40; Na2S20;, 20. 13 mg of protein was present ia a total volume 
of 2.0 ml. Oxygen uptake was measured at 30°C in the conventional Warburg 
apparatus with a gas phase of air, and 0.2 ml of 10 N KOH in the center well. 


TABLE 2 
Tue ActTiviTIEs OF SoME ENZYMES CONCERNED WITH THE METABOLISM OF SULFUR IN ExTRACTS 
or Thiobacillus thioparus 
Specific activity, 

Enzyme* »moles/hr/mg of protein 
ATP sulfurylase 18.3, pyrophosphate 
ADP sulfurylase 29.1, orthophosphate 
PAPS reductase (with TPNH) 0.002, acid-volatile sulfur 
PAPS reductase (with reduced methyl] viologen ) 0.002, acid-volatile sulfur 
APS reductase (with TPNH) 0.000, acid-volatile sulfur 
APS reductase (with reduced methyl viologen) 0.64, acid-volatile sulfur 
Sulfide oxidase 0.24, O2/2 
Thiosulfate reductase 0.046, sulfide 
Adenylate kinase 1.69, ATP 


* For assay procedure, see Methods. 


Sulfite is rapidly oxidized to sulfate by both enzymatic and nonenzymatic proc- 
esses.'* If sulfite is oxidized by a reaction that results in the formation of either 
APS or PAPS, we might expect that the enzyme catalyzing this oxidation would be 
present in relatively high specific activity since the oxidation of thiosulfate is the sole 
source of energy for this organism. Extracts of 7. thioparus reduce APS with 
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reduced methyl viologen as electron donor at a rate comparable to that ob- 
served only in the sulfate reducing bacteria® (Table 2). In contrast, these extracts 
did not show appreciable reduction of PAPS with either TPNH or methyl] viologen. 
It should be noted that APS reductase has been found to occur only in the sulfate- 
reducing bacteria, D. desulfuricans and Clostridium nigriflicans, and T. thioparus.° 
Since these observations indicate that APS rather than PAPS is the nucleotide pro- 
duced in the oxidation of thiosulfate, the further metabolism of APS in these ex- 
tracts was investigated. 

The enzyme, ATP sulfurylase described by Robbins and Lipmann,' catalyzes 
the reaction of APS with pyrophosphate to form ATP and sulfate. Another en- 
zyme, ADP sulfurylase, also described by Robbins and Lipmann,' catalyzes the 
formation of ADP and sulfate from APS and orthophosphate. Extracts of-the 
thiobacillus show ATP sulfurylase activity and a high level of ADP sulfurylase 
activity (see eq. (6) and Table 2). Adenylate kinase (eq. (7)) can also be demon- 
strated in these extracts (Table 2). In connection with the activities of ATP 
sulfurylase and ADP sulfurylase, it should be noted that the specific activities of 
these enzymes in extracts of 7’. thioparus are ten to fifteen times as great as the 
corresponding activities in crude extracts of yeast.!? 

The presence of these enzymes concerned with the metabolism of sulfate suggest 
a reaction sequence (eq. (3-7)) that can explain the role of phosphate in the oxidation 
of thiosulfate. The sum of 3 to 7 (eq. (8)) indicates that a net production of ATP 
shouJd occur during the oxidation of thiosulfate by means of a phosphorylation at 
the substrate level. Preliminary results indicate that, in crude extracts, phosphate 
esterification that is insensitive to 2,4-dinitrophenol can be demonstrated during 
the oxidation of thiosulfate. In addition, P**-labeled orthophosphate is incorporated 
almost entirely into ADP when the thiosulfate-oxidizing system is supplemented 
with fluoride. ATP and ADP sulfurylase can both participate in the formation 
of high-energy phosphate from APS, but the extent of participation of each enzyme 
probably depends on the availability of ortho- and pyrophosphate. ADP sulfur- 
rlase is in the proposed reaction sequence because phosphate is required for the 
oxidation of thiosulfate. The proposed mechanism of thiosulfate oxidation suggests 
an explanation of the orthophosphate requirement for thiosulfate oxidation" 
and of Santer’s O'8 data.‘ A phosphate deficiency would lead to the accumulation 
of APS and consequent depletion of the AMP pool. Lack of AMP would inhibit 
the oxidation of sulfite via equation (5). In this connection, it should be noted that 
arsenate will replace phosphate in the oxidation of thiosulfate and ADP’ sulfurylase 
(eq. (6)) would catalyze the arsenolysis of APS.'? If O'8 is transferred by estab- 
lished mechanisms,” this reaction sequence will explain the transfer of O'* from or- 
thophosphate to sulfate. The labeled phosphate would be initially incorporated 
into ADP by the action of ADP sulfurylase on APS (eq. (6)). From this labeled 
ADP, adenylate kinase can form AMP labeled with O' (eq. (7)). The labeled 
AMP can then accept sulfate to form labeled APS (eq. (5)). This APS can then 
react with labeled orthophosphate to produce more labeled ADP and labeled sulfate. 
The O* content of the sulfate produced should be one-fourth that of the original 
phosphate. The actual value observed, however, may be decreased because of 
dilution by intracellular sulfate, phosphate, AMP, and ADP. Santer observed that 
the sulfate produced during the oxidation of thiosulfate contained 22 per cent as 
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much O'8 as the original phosphate. This value agrees well with the 25 per cent 
value predicted by the proposed enzymatic sequence for thiosulfate oxidation. 

The phosphate, arsenate, and O'8 data do not exclude PAPS as an intermediate 
in the oxidation of thiosulfate. However, the unique occurrence of APS reductase in 
high specific activity as well as the low specific activity of PAPS reductase suggest 
that APS is the product of sulfite oxidation and PAPS is probably not an inter- 
mediate in the oxidation of thiosulfate. 

Summary.—Cell-free extracts of Thiobacillus thioparus that will oxidize thio- 
sulfate have been prepared. The metabolism of sulfur-containing nucleotides in 
these extracts has been investigated and high levels of the enzymes adenosine tri- 
phosphate sulfurylase, adenosine diphosphate sulfurylase, and adenosine 5’-phos- 


phosulfate reductase observed. From these observations a pathway of thiosulfate 


oxidation is proposed that involves adenosine 5’-phosphosulfate as an intermediate. 


I should like to express my appreciation to Dr. G. David Novelli for his advice 
and encouragement during the course of this investigation. 
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ON THE INTERACTION OF COLLOIDAL PARTICLES 
By AnprEw G. De Rocco anp WituiaAM G. Hoover 
DEPARTMENT OF CHEMISTRY, UNIVERSITY OF MICHIGAN 
Communicated by Robert C. Elderfield, June 13, 1960 


Introduction.—The theory of the stability of lyophobic colloidal systems has 
focused attention on the interaction energy between colloidal particles. To 
account for such phenomena as flocculation, for example, some long-range inter- 
action is required, and following a suggestion of Kallmann and Willstatter,! Hama- 
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ker? and de Boer® investigated the character of the van der Waals (London) disper- 
sion energy between colloidal particles: the same problem had earlier been dis- 
cussed by Bradley.‘ Hamaker treated spherical colloidal particles assuming the 
additivity of dispersion energies and showed that although the range of the atomic 
dispersion energies was of the order of atomic dimensions, the additivity of the dis- 
persion energies led for colloidal particles to an interaction range of the order of 
colloidal dimensions. The original interest in spherical particles has continued’ and 
other figures have also been treated. 

The problem is easily stated: one assumes that the atoms are distributed 
according to a function, p, of position; the interaction of pairs of atoms is taken to 
be represented by a pair potential ¢(r;,;), where r;; is the distance separating atom 
i from atom j and ¢(r;;) is taken most conveniently as some inverse power poten- 
tial, r;;~"; the double-sum over both particles (additivity) which could be written 
down amenable to machine computation, is here replaced by an integral over the 
volumes of both particles assuming the function p to be continuous; thus the total 
interaction potential between a pair of colloidal particles can be written as 


b= Si S., pip2(r) drdvs. (1) 


In addition to spheres’: ** the integral of equation (1) has been done exactly 
for the case of circles,®.7 both in coplanar and sandwich-like configurations,* and 
for spherical shells.° 

Other figures have been treated by approximate methods and one can mention 
the case of certain rectangular parallelepipeds and ellipsoids treated by Vold" 
and of infinite plates by de Boer.* Most recently Sparnaay'! has used the methods 
of Bouwkamp (circular disks) to treat parallel and crossed cylinders; the elegant 
Bouwkamp procedure is exact but in the former case Sparnaay treats one cylinder 
as infinite and in the second case both cylinders as infinite. 

In all cases the problem reduces to the integral described by equation (1) for 
which the London-van der Waals potential is written as 


o(r) = (—A)/r® 


where ) is a constant given in the first approximation by \ = 3a°hvo/4 (a = polariz- 
ability of the atom; hyo, a characteristic energy corresponding to the chief specific 
frequency vp taken from the dispersion spectrum of the atom); other forms have 
been proposed for \ by Slater and Kirkwood"? and by Neugebauer'* which generally 
lead to higher values than those computed from the quoted result. The choice 
of r~* needs examination in the case that the particles are separated by a distance 
comparable to the magnitude of the London frequency, for then, as shown by Casi- 
mir and Polder,'* the finite time of propogation leads to an attenuation of the 
energy from r~* to r~ at distances of the order of 10° A, viz., distances of the order 
of colloidal size. 

Hamaker? has also shown that even in the case where the colloidal particles are 
immersed in a fluid with which they interact strongly, the net force between the 
colloidal particles remains attractive for identical particles. This theorem is 
proved under the assumption that the interaction energy is decomposable into an 
energy independent of the orientation of the fluid molecules and a usually neglected 
term depending upon fluid orientation. The modification of the de Boer-Hamaker 
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theorem necessary when the latter term is included will be discussed in a separate 
communication. The question of the specificity of the London-van der Waals 
interaction has received a good deal of attention lately, mostly by Jehle and co- 
workers. 

We will treat in this communication the integral of equation (1) for several cases 
similar to some previously described with approximate calculations. Our rectangu- 
lar figures are general and our method exact; however, we shall not treat the case of 
“crossed” configurations. We shall discuss and compare our results for the short- 
range approximation; it is clear that in the long-range approximation all our results 
tend towards r~ as is easily shown by appropriate Taylor expansions. 

oa 


———- 
a 
d a 
a 
Fia. 1 Fic. 2 





Calculations.—Case 1. Rods. Imagine two colinear thin rods of length a sepa- 
rated by a distance d (Fig. 1). In this case and the one that follows we shall treat 
the attractive energy according to equation (2) and the repulsion by a potential 
proportional to r—'*, both energies chosen to satisfy the Lennard-Jones potential 


o(r) = « 1() eal (") t (3) 


Hence \ = 2ero® where —€e is the value of ¢ at the equilibrium interatomic distance 
r°. Next we define 


Ke= ff - dV dV: 
r 

"orem, 

Ku= ff — dV dV 
12 


o* = ro'*Kie a 2rohKe 


in order that 


where for convenience we set p? = 1 and use the reduced potential 6* = /¢. 

The integrations indicated for Ks and Ky are easily completed upon picking a 
point 2; in one rod, integrating the interaction of this point with the other rod and 
finally integrating X, over the length of the first rod (the differential volumes are 
in this case one-dimensional). We obtain 


a d + 2a — x a S 2 
ana ae r*dx = * | 
me J, = J, +a-—-% , ” 20 ie 4 (d + 2a)* (d + “4 ” 


a d+ 2a — Xi l l 1 2 
i~ = zr x—"%dr = Sey ; a 
Ky f dx, ti be aad cr dx 110 & + (d + 2a)" (d + =A (7) 


It is obvious that rods of unequal lengths may be easily treated by changing the 
limits of integration in equations (6) and (7). The potential reduces to equation 
(3) for large d, but for d < a we find approximately 


* 1? ro? : 
110d" 10d! (8) 
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showing that as long as d < a we have an interaction which is two orders lower than 
the interatomic potential and which is in addition independent of the lengths of 
the rods. 

It is also possible to consider the equilibrium separation of the rods by solving 
(0@*/dd) = 0 for dy to obtain dj ~ 0.781 79: in other words, the equilibrium inter- 
rod distance is a little over three-quarters of the equilibrium interatomic distance, 
and this effect is certainly due to the additivity of the energy. 

We next treat thin rods which are aligned and separated by a distance d (Fig. 2). 
As before we choose a point in one rod, find its energy of interaction with the second 
rod and then integrate the chosen point over the first rod to obtain the total po- 
tential. Again note that in what follows rods of unec1al lengths can be treated 
by appropriate changes in the limits of integration. 

K, and Ky become: 


K @ ; o- % dx l l 4 3a ane a (9) 
= dx = —- — tan , 
- i hg (a? + d?)® 4d* 4d?(a? + d?) 4d d 


K e a i a~- Zz, dx ee 187 : a. i 
gap Sh J ae J -n (a? +d?)® 640d 40d?(d? + a?)* 
3 


21 21 63a 


128d" tan~—* ; (10) 


80d‘(d2 + a)* 320d°(d? + a)? —-128d8(d? + a?) 


It is interesting to notice the influence of the repulsive potential in this case as 
compared to the colinear case; the effect is not unexpected since the repulsion falls 
off more rapidly than does the attraction with increasing distance. 

In analogy with the previous example we compute the potential for d < a to get 


* ro? ; ey a ro° : ae a 
o* ~ 128d" 63 a tan a) ~ 248 3a tan q (11) 


showing that the interaction is down only one order from the interatomic potential 
and becomes proportional to the length of the rod. If we approximate tan™! a/d 
by 2/2, we obtain for dy the value dy ~~ 0.947 ro; thus the decrease in intermolecular 
distance from the interatomic distance rp is in this case approximately one fourth 
that found for colinear rods. The quantity ro is related to the so-called van der 
Waals radius of the atoms in question, and one implication of the above results is 
that aggregates of atoms tend to come to equilibrium distances which are closer 
than their “free-atom’’ contact radii. These remarks depend for their complete 
validity on the constancy of the function p. It is obvious that for close approach 
p no longer remains constant and we may take these results, therefore, as qualita- 
tive and describing a mathematical problem with no obvious physical counterpart. 

We also notice that in the lowest limit K, ~ d~ in exact keeping with Sparnaay’s! 
result for infinite thin cylinders. The factor of pi occurring in previous results 
stems from their implicit expansion of the arctangent term which appears in the 
exact answer. 

Case 2. Rectangles: We shall calculate here, and in the cases to follow, only Ke 
since, as will soon be seen, the calculation of Ky: is prohibitively tedious; and in 
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any case for colloidal systems it is more appropriate to consider the double-layer 
interaction in the manner of Hamaker when the total potential is required. 

Consider two coplanar, parallel rectangles of sides a and b and separated by a dis- 
tance d (Fig. 3). Itis clear from the previous cases that 


K a j b q d+ 2a-nx j b-m dy 
= ax L ar or 12) 
; J if op f. (x? + y*)’ 


where 2; and y; are the coordinates of a point chosen in either one of the interacting 
rectangles. The energy of interaction of this point and the second rectangle is 
proportional to 


Beane G20. +9" @ 


and the total potential is found by integrating this quantity over the coordinates 
of the second rectangle to give equation (12). The integrations are more easily 
performed in the following equivalent fashion: 


Ke = fo du Sif ez acfoanS’ an (e+) ey. (12a) 
We define 
1 d d b 


_ tan~! te 
asa? * 160?" «4 * teas 


H(d) = 
and write the final answer for K,as 
K, = H(d) + H(d + 2a) — 2H(d + a): (14) 


When d is small compared to the shorter dimension of the rectangle, then we get: 


% ab : 
Ke~ H(d) =~ 300 (15) 


showing an inverse cubic dependence on d and a linear dependence on b, the length 
of the adjacent sides. 

Analogous to the case of rods we will next treat the case of parallel aligned rec- 
tangles (Fig. 4). Again choosing a point (7, y) and calculating its potential with 
respect to the second rectangle, we then integrate x and y over the coordinates of 
the first rectangle to obtain Kg: 


Ks. = _ dy: f°. ™ dy J." dz, J*°; (a? + y*? + d?)-* dx 


K y q £ — F J 3a t a 4 
om dy — an 
ee en age ae yt + ay 


l \* 
4(y? + d?)? t(y? + d*)(a? + y? + d?)§ 
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: bd? + 2a*b b ad? + 2ab? 
Ke = ee Bilal a, 2 =I oie 
2d4(d? + a?*)!/? (d? + a?)}/? 2d4(d? + b?)'/2 


a b b a a : 
tan~* ee ss meee GEE ot — te (1G) 
(d? + b?)!/2 2d? d 2d d 
For the special case of d small relative to both dimensions of the interacting 
rectangles we have: 


d ab b mab 
Kg = tan-! — + tan! = (17) 


d' a 2d4 


It is clear now that the pattern involves a power dependence (at close distances) 
which is always one higher for the case where the figures are aligned, than that 
for which they are parallel. This is due to the fact that the aligned configuration 
tends to emphasize the repulsive part of the potential relative to the attractive part 
in accordance with distance and additivity. 

Case 3. Parallelepipeds: Our treatment of parallelepipeds overlaps the papers 
of Vold” and Sparnaay,'' however, both previous workers did only the first two 
integrations exactly; after completing the first two, Vold specialized to identical 
particles and then expanded the integrand in a power series retaining only the first 
term. The subsequent computations retain validity for particles of mean diameter 
small compared to their length and separated by distances also small compared 
to their length. Vold remarks that the method is applicable to higher order terms 
and could be extended with some effort. 

We shall describe the interaction of two aligned right parallelepipeds of dimen- 
sions a X b X ¢ separated by a distance d (Fig. 5). By our standard recipe we 


write 
, se cdtie-a fo pob-m pea ca- x drdzrdydydzdz, 
Ke = x - rep (18) 
Jo d+c-2z Jo « yi Jo — 2x1 (xv* + y° + Z°) 
The first four integrations have already been done in connection with the previous 


problem and result in equation (16). Introducing equation (16) and completing 
the fifth integration we arrive at 


K 6 = 


b(z? + a?)'/? , , Z 4 
an an = reer 
2a*z (2? + a?)}/? 2a?(a? + b?)1/2 (a? + 6?)!/? 


2b(2* + a*)*/? = b(z? + a*)"? b 
( = tan— >= errs 
32° (2* + @*)*/? 


3a’z 32 
2b° z b? 


tan! oa — - 
3a2(a? + b?)1/2 (a2 + b?)'/2 —  32(a? + 5?) 


b? : 


an 


Z 
3(a? + b?)4/2 (a2 + b2)'/2 


+ terms with a, b interchanged | (19) 
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Collecting all terms and noting that all the functions are odd, we rewrite the limits 
of integration on the final integral to obtain 


K ed + 2c,d | . ( bh " 1 } 
Bits < an 
: J, reas ' ta Z $2? th Z 


(a? + b?)*: b 
ts + (27+ ay ( 
6a?h? (a2 + Bb)? . 62a" 


b 
in? ——-. + (2? + 6%)" ( 
(2* + a*)*/? 


6zb? 


Finally, 


: d+2,d | 26+ 22a? + 2b? + ab? 
Ke = | in ( 


2 + 22q? + 2°h2 


+ 6.2 eS 


z? — b? b  2(a® + b?)*? 2 
tan—! — + eo AGE ye aap 
4bz Z 6ah? (a? + b?)!/? 


b 
b(z? + a?)'/? tan! + 
(z? + a?)'/? 


6a? 


| a 
— i ——- Fale? + 0*)** tan—* — repre (21) 
6e* = 66" (z? + b?)'/? 


It is of interest to consider the case of equation (21) when d is small. It then 
becomes possible to compress equation (21) to the result 


rab 


~~ F (29) 
12d? 


K¢ 22 
which is identical to the well-known result for parallel plates and to the case de- 
scribed by Vold as equation (5a). By suitable manipulation, Vold’s equation (5) 
is also recoverable wherein the approximations become clear. 

We complete these calculations by describing skew parallelepipeds of square 
cross-section (lig. 6). The details of this calculation are tedious and we shall 
restrict ourselves to presenting only a sketch of procedure. 

Again we select a random point (in one parallelepiped) of coordinates (2, 1, 
2,) and consider its interaction with the second parallelepiped; this result is then 
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integrated over the first parallelepiped. Using a more convenient order of integra- 


tion we have 
Ke = Sf. dx, Sf Pa 8 dx S; dy: ff +2: 7 dy xX 
Sc dz, 3," dz(x? + y? + 2%)-*. (23) 


From the previous problem we know the first four integrations; thus, 


d + 2a,d ‘ue a 
. 2c 2 
msi E sanit 5 (BETSY) 
d+a,d+a 4x8 bs 4x*(c? + ?)1/2 


2cy? cx? c 
tan~' — y —— =} J = Tp ie me | dx dx,- (24) 
(c? - ge?) 2 424(a? + y?) 1/2 (x? + y?) 12 


By analogy with equation (21) we have for the term in d (there are also terms in 
d + aand d + 2a): 


Kl) ; Rr cs d? + x? . I (; “) ay 
; = -In - ‘an~ 
os saansed C4 6342 - 82 x 


(c2 + d2)3/2z z 5 e(d? + x2)1/2 ( 


tan! 
id? i (# + a 12 et s) ” 


c d(c? + x?)'/? (: 1 ) d | 
tan~! ee tan—! pelicans 2 
un (d2 + x2)12 * 12 | 2 + 7a) tan (@ 4 aie (25) 


The total value of K, can be written down but our interest actually is drawn to 
the form taken by equation (25) when d is small; calling d* = +/2 d, the distance of 
closest approach, we get the simple result 


> We > 

aunt. (26) 

which shows the interesting result that the power dependence is down by a factor of 

one from equation (22) and agrees with the case of spheres at close separations. 

It is to be presumed that the configuration intermediate between equations (22) 

and (26) will depend on d~*’?, where d is the closest distance of approach (cf. Vold, 
Fig. 1c). 


* Notice that for y = o this equation becomes equivalent to equation (9). 

‘ Kallmann, H., and M. Willstatter, Naturwissenschaften, 20, 952 (1932). 

* Hamaker, H. C., Physica, 4, 1058 (1937). 

* de Boer, J. H., Trans. Faraday Soc., 32, 10 (1936). 

‘ Bradley, R.S., Phil. Mag., 13, 853 (1932). 

5 Atoji, M., and W. N. Lipscomb, J. Chem. Phys., 21, 1480 (1953); Isihara, A., and R. Koyama, 
J. Phys. Soc. Japan, 12, 32 (1957); DeRoceo, A. G., J. Phys. Chem., 62, 890 (1958). 

6 Dube, G. P., and H. K. Dasgupta, Indian J. Phys., 13, 411 (1939). 

7 Bouwkamp, C. J., Kon. Nederland Akad. Wetenschap., 50, 1071 (1947). 

§ The methods of this paper were also applied to the case of circles to give the result of Bouw- 
kamp and of Dube and Dasgupta, which for two coplanar circles of radius R whose centers are 
separated by C is just RC? — R*)/C%C? — 4R?)/2, apart from multiplication by a known 
energy constant. 

® Thomaes, G. J., J. Chim. Phys., 49, 323 (1952); Pitzer, K. S., J. Am. Chem. Soc., 77, 3427 
(1955), incorrect beyond the second term; Lambert, J. A., Australian J. Chem., 12, 109 (1959). 





Vou. 46, 1960 GENETICS: BANG AND WARWICK 


10 Vold, M. J., J. Colloid Sci., 9, 451 (1954). 

1! Sparnaay, M. J., Recueil, 78, 680 (1959). 

12 Slater, J. C., and J. G. Kirkwood, Phys. Rev., 37, 682 (1931). 

13 Neugebauer, Th., Z. Physik, 107, 785 (1937). 

14 Casimir, H. B. G., and D. Polder, Phys. Rev., 73, 360 (1948); Nature, 158, 787 (1946). 
45 DeRocco, A. G., (to be published ). 

16 Jehle, H., these ProceEDINGs, 43, 847 (1957). 


MOUSE MACROPHAGES AS HOST CELLS FOR THE MOUSE HEPATITIS 
VIRUS AND THE GENETIC BASIS OF THEIR SUSCEPTIBILITY* 


By F. B. BANG AND ANNE WARWICK 


DEPARTMENT OF PATHOBIOLOGY, JOHNS HOPKINS UNIVERSITY, 
SCHOOL OF HYGIENE AND PUBLIC HEALTH 


Communicated by Bentley Glass, June 20, 1960 


Much of the mystery of pathogenesis of animal virus disease lies in the 
realm of specificity of virus effect on cell type and in the differing effect of a given 
virus on different hosts. Tissue culture, despite its great contributions to 
other aspects of cytopathology, has not so far furnished significant clues to these 
basic problems. We have recently found that an acute virus disease of mice, 
mouse hepatitis,':? has a selective destructive effect for cells derived from the 
reticulo-endothelial system (macrophages) and that the apparent genetic difference 
in susceptibility of different strains of mice is reflected in the behavior of macro- 


phages from these strains in tissue culture. Tests of hybrids resulting from 
crosses between resistant and susceptible strains indicate that susceptibility is 
inherited and that genetic segregation of susceptibility and resistance occurs in 
the F, and backcross generations. 


Materials and Methods.—The macrophages were obtained by explanting frag- 
ments of liver from newborn (1-3 days old) mice into roller tubes either directly 
onto the glass or onto a reconstituted collagen substrate.*: 4 The collagen was pre- 
pared according to the method of Ehrmann and Gey by extraction of 0.1 per cent 
acetic acid, dialysis against distilled water, and reconstitution to an agar-like slant 
with ammonium hydroxide vapors. The supernatant medium, except in otherwise 
specified cases; consisted of 60 per cent Gey’s balanced salt solution, 10 per cent 
chick embryo extract (50 per cent), and 30 per cent horse serum (obtained from 
Microbiological Associates), with 0.004 per cent phenol red, 100 units of penicillin, 
and 10 micrograms of streptomycin. In some experiments, as designated in the 
text, chicken serum or a combination of chicken serum and horse serum was used. 
The chicken serum was obtained from White Leghorns kept for routine bleeding 
in our laboratory. The cultures were incubated in a roller drum and maintained 
in this manner at 37°C throughout the experiments. 

The cultures were inoculated with the virus three to four days following ex- 
plantation. The medium was renewed every two to three days until the end of 
the particular experiment. Supernatant fluids were frozen at —40°C and reserved 
for titration in mice. The cells were observed directly in the roller tube and their 
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appearance was recorded. Photographic records were obtained at intervals through- 


out the experiments. 

The mouse hepatitis virus used in our laboratory is a virulent strain originally 
obtained from Dr. John Nelson of The Rockefeller Institute. Ten per cent stock 
liver suspensions were maintained by serial passages into weanling Swiss mice. 
Tissue culture supernatant fluids were routinely tested by inoculation into wean- 
ling mice of Princeton strain (Pr). Autopsy of survivors showed that an occasional 
surviving mouse had specific lesions, so that virus was patently present even though 
the mouse survived. Our titrations include these animals, therefore, but in no 
case was the final end point increased by as much as one log dilution. Several 
other strains of mice were tested briefly and their use is mentioned in the text. 
The method of crossbreeding is also indicated in the text. 

Results.-In our early attempts to obtain cell destruction we studied the effect 
of the virus on parenchymal liver cells obtained from mice of the Pr strain. Vari- 
ous media were tested in an attempt to culture these cells. First, human, rabbit, 
and horse sera, with beef embryo extract, were used. In these media outgrowth 
consisted mainly of large, granular, single cells with very little organized forma- 
tion. Virus was recovered from some of the inoculated cultures, but not con- 
sistently, nor did the virus persist, nor were significant destructive effects produced. 

When chick embryo extract was substituted, and horse and chicken sera used, 
outgrowths consisted of pavement-like epithelium with fibroblasts interspersed 
throughout, and excellent cords of granular liver cells were found developing from 
the edge of some explants (Fig. 2). After studying conditions under which such 
organized liver cell growth occurred in the roller tube primary explants (age of 
the mouse, various supplements to the media, the area of the liver from which the 
explant was obtained), it was found that the appearance of liver cords was related 
to the presence of chicken serum in the medium. This was true, however, only 
in the absence of collagen. The cultures were inoculated with mouse hepatitis 
and virus was recovered from the cultures with healthy liver cords as long as 
twelve days after inoculation. However, no destruction of liver cells was observed. 

Two factors then brought to light the macrophage susceptibility which had not 
been observed previously. First, in the electron microscope, large amounts of 
apparent virus were visible on the inner side of the endothelial cells lining the liver 
sinusoids (Fig. 1), and secondly, when the liver was cultured on reconstituted 
collagen, great numbers of macrophages were obtained. Macrophages were first 
seen in cultures of mouse liver grown on collagen in a medium containing 20 per 
cent horse serum. Three days following inoculation of the virus the control cul- 
tures had a heavy concentration of macrophages, yet no macrophages remained 
in the virus-inoculated cultures. Virus was recovered from the inoculated cultures 
as late as 20 days following inoculation. It was subsequently found that 30 per 
cent horse serum yielded better macrophages, and this medium was used through- 
out the rest of the experiments. 

The original colony outgrowths consisted of clear, pavementlike epithelium, 
over which fingers and sheets of liver parenchymal cells grew, with fibroblasts 
interspersed throughout the colony area (Figs. 3 and 4). Large numbers of 
macrophages migrated away from the original colony, and to the side of the tube 
opposite to the explants. The macrophages were readily identifiable by their 
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Fic. 1.—Electron micrograph of mouse liver infected with virus of mouse hep- 
atitis. Virus may be seen accumulated along inner border of endothelium of cap- 
illary. (X7,000.) 

Fic. 2.—Outgrowth of liver cords from newborn mouse liver. Clear epi- 
thelium surrounding these cords may have come from superficial epithelium of liver 
surface. Liver cell growth of this kind is occasionally obtained on glass. (See 
text. 200.) 
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Fic. 3.—Liver explant from Pr (Princeton) mice on collagen substrate. 
Along with liver cell cord growth are masses of fibroblasts and macrophages. 
(About 150.) 

Fig. 4.—Outgrowth from liver of newborn C;H mouse. Sheet of liver 
cells in middle. Macrophages wandering away from explant. (About 
150 X.) 


characteristic shape and distribution, their migration away from the main explant, 
and their rapid uptake of neutral red (0.005 per cent). Macrophage degeneration 
began one to two days following inoculation of the virus and progressed to ex- 
tensive destruction by four days (Figs. 5-8). 

After observing the growth of macrophages in the horse serum cultures and 
their destruction, the amount of virus was determined at intervals in horse serum 
and chicken serum cultures. The only difference in appearance between the two 
media was the lack of migrating macrophages in the chicken serum cultures. The 
cultures in both media were inoculated three days following explantation with a 
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Fig. 5.—Mass of normal macrophages which have collected on glass at edge 
of collagen substrate. Prmice. Part of the area is out of focus because of curva- 
ture of roller tube. 5-day culture. (About 150.) 

Fie. 6.—Originally similar to Fig. 5. One day of infection with mouse 
hepatitis. Scattered dark cells which have begun to round up. (About 
150 X.) 


10-* dilution of the stock liver suspension (titering 10-*°). In the horse serum 
group, macrophage degeneration began two days following inoculation, and only 
scattered cells survived by the fourth day. The chicken serum group, however, 
which had no macrophages, showed no cellular change. The results of the titra- 
tion of the supernatant fluids from both groups of cultures is shown in Figure 9. 
At six hrs there was a hundredfold difference, the horse serum being the higher. 
From 24 to 96 hrs there was no significant difference between the two; at six days 
the chicken serum was higher by about two log dilutions (two logs). It is possible 
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Fig. 7.—Originally similar to Fig. 5 but two days of infection. No normal 
cells left. Scattered partially damaged elongated cells. (About 150X.) 
Fie. 8.—Originally similar to Fig. 5 but three days of infection. Remnants, or 
ghosts, of macrophages scattered throughout. Most destroyed cells have fallen off 
into the medium. (About 150.) 


that the reticulo-endothelial cells in the chicken serum fail to migrate but support 


virus growth. 

A series of 11 tissue culture passages was made. Virus in amounts of 104 and 
10 MIDs. was recovered at each passage. Partial destruction of the liver paren- 
chymal cells (which began about six days after inoculation of the virus and three 
to four days following macrophage destruction) appeared in the sixth tissue culture 
passage. There was no significant increase in the amount of tissue culture-adapted 
virus (Fig. 10). 

In two experiments, macrophages from heart and lung tissue cultures were 
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3. 9.—Growth curve of mouse hepatitis virus in tissue culture of mouse liver 
on collagen—horse serum vs. chicken serum. 
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. 10—Passage of mouse hepatitis virus in tissue culture of mouse liver 
cells on collagen—(horse serum medium). 


destroyed by the virus, the other cell types remaining intact and 104 [Ds of virus 


was recovered from the supernatant of these cultures. 
The amount of virus produced during the first 48 hr of infection was determined 
on the ninth tissue culture passage of virus. Macrophage and colony degeneration 
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began at two days, proceeded rapidly to extensive degeneration by three days, 
whereas only moderate degeneration of the colony itself was present by seven days. 
Titrations done at 18, 24, and 48 hr gave an average recovery of 10~*-? [Dg of virus. 

Genetic resistance: The C;H (Andervont) strain of mice, free of mammary tumor 
agent and maintained as an inbred stock in our laboratory for 13 subsequent genera- 
tions, was tested for susceptibility to mouse hepatitis virus and was found to be 
resistant to the virus, even when inoculated intraperitoneally with an undiluted 
suspension of the stock liver, which titered to 10-*-> to 10-75. Tissue cultures of 
newborn mouse liver were prepared in the same manner as that previously de- 
scribed for the Pr mice. In the original colony outgrowths the liver parenchymal 
cells tended to grow in sheets rather than fingers, as compared to the Pr mice 
(Figs. 3 and 4). These liver cells remained intact throughout the experiment, 
whereas in the Pr cultures most of the liver cells disappeared after about eight 
days, in both control and experimental tubes. The macrophages migrated in 
the same manner in the two strains, spreading to the side of the tube opposite the 
colonies, but were fewer in number and slightly more granular in the C3H. 

In seven experiments, C;H cultures were challenged with a 1:100 dilution of 
stock virus. The cultures were inoculated three to four days following explanta- 
tion, by which time typical cell outgrowth had occurred. None of the inoculated 
cultures showed any macrophage destruction, nor destruction of any other cell 
type. Pr cultures, inoculated with virus at the same time, showed macrophage 
destruction within 48 hr. 

In two experiments both C;H and Pr cultures were inoculated with undiluted 
and 10~' virus (IDs 10®-*) to see whether heavy concentrations of the virus would 
affect the resistant cells. In the C;H cultures inoculated with undiluted virus 
the macrophages became extremely granular, with some areas of definite degenera- 
tion. The macrophages did not, however, disintegrate (as the Pr macrophages 
always do following the usual infectious dose), but remained attached to the glass 
surface of the tube. When neutral red was added to the cultures seven days after 
inoculation, it was immediately taken up by most of the macrophages. Cultures 
inocuiated with the 1:10 dilution showed scattered degeneration, and the higher 
dilutions (10~-* to 10~*) remained healthy. The Pr cultures in these experiments 
showed initially the same peculiar effect of the undiluted virus, but subsequently 
degenerated, while the rest of the dilutions showed extensive destruction with only 
scattered surviving macrophages. 

The question of humoral factors which may have persisted in the cultures and 
which were responsible for resistance or susceptibility was considered. All experi- 
ments were done after one change of medium. Specific tests on this point were 
done with two resistant strains kept in culture for seven and 11 days with two and 
four changes, respectively. These remained resistant. In four tests the Pr strain 
was found fully susceptible after 14 to 16 days in culture with four to five changes of 
medium. We have carried out two experiments combining the Pr and the C;H 
liver explants in the same tube. Even though the macrophages were not clearly 
distinguishable from each other, about 50 per cent of the macrophages altogether 
were destroyed. It would seem therefore likely that the factors for resistance 
and susceptibility remain in the cells in culture. 

Four other strains of mice have been tested for susceptibility to the virus, both 
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in vivo and in vitro. Preliminary results, with one or two experiments on each 
showed three strains to be susceptible: an obese mouse, CFW (Swiss), and the 
Webster (Swiss). The fourth, a lung tumor strain (‘‘A”’ strain), was resistant. 
Complete agreement between mouse and macrophage susceptibility was obtained. 

In order to determine the nature of this strain susceptibility, genetic crosses were 
made between the C;H resistant and the Pr susceptible. The C;H was obtained 
as an inbred strain and kept inbred for 13 additional generations, whereas the Pr 
strain has been inbred only since 1954 (about 20 generations). Tissue culture tests 
of four individual mice from the F; cross showed all cultures from all four mice to 
be susceptible; the macrophages were destroyed within two to three days. In the 
I’, generation, five out of seven individual mice tested produced susceptible cells for 
a 71 per cent mouse susceptibility. For each individual mouse at least four cultures 
were prepared, two were used as uninoculated controls and two were inoculated 
with a 1: 100 dilution of the stock virus. 

Backcrosses were then begun between the I’; and the C3H (resistant). Tissue 
culture tests of the progeny of these mice resulted in three out of ten susceptible 
mice (30 per cent). 

The comparable figures for the susceptibility of the weanling mice themselves, 
when the resistant strain is crossed with the susceptible, are given in Figures lla and 
11b. A single dominant factor for susceptibility would be expected to produce 
100 per cent susceptibility in the I), 75 per cent susceptibility in the F:, and 50 
per cent in the backcross to the resistant strain. The data, although scanty, agree 
with this hypothesis. 

Discussion.—-Two facts, which may be related to one another, seem to have been 
established in these experiments. First, there is a specificity of cell type destroyed 
which may well be important in the pathogenesis of diseases affecting the reticulo- 
endothelial system; and second, the apparent genetic basis of susceptibility of mice 
to this virus is reflected in the susceptibility of the macrophage in tissue cultures. 
The effects of viruses on chicken macrophages obtained from the buffy coat has 
been studied,®:® and recently macrophages from peritoneal washings have also 
been followed in tissue cultures.’ In most cases the cultures consisted almost 
entirely of macrophages, so that no direct comparison with other types of cells 
was possible. We have previously reported’ briefly on the destruction of m acro- 
phages by mouse hepatitis when liver was grown on reconstituted collagen. Simul- 
taneously Malmquist and Hay® described the selective destruction by the virus of 
African swine fever of macrophages in bone marrow cultures. Thus it would seem 
that a number of virus systems, perhaps those in which viremia plays a large role, 
may be diseases in which the reticuloendothelial system plays a significant role, and 
that present tissue culture techniques will uncover more situations where selective 
destruction of one cell type may be manifest. The large numbers of macrophages 
obtained in our cultures encourages us in the belief that mammalian macrophages 
from embryos may actually be grown in tissue culture. 

It was then of special interest to find that the apparent genetic difference in 
susceptibility of mice was reflected in the resistance of the cells which were cul- 
tured from these mice. This statement is based on the fact that those two strains 
of mice found to be resistant as young weanlings also yielded resistant macrophage 
cultures from newborn individuals, whereas the four susceptible strains yielded 
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C;H (0% ) ae Pr (100%) 


Backcross (33°%—8/24) 


F, (100%-7/7) 
| 


F, (86%-40/46) 


Fic. 1la.—Tests for mouse susceptibility. 


C;H (0%—0/7) Pr (100%—18/18) 


Backcross (30%—3/10) 


F, (100%-4/4) 


F, (71%-5/7) 


Fic. 11b.—Tests for macrophage susceptibility from individual mice. 


susceptible cells. Furthermore, the genetic hybrids between the resistant and sus- 
ceptible strains yielded susceptible cells, and the backcross to the resistant strain 
and the F, generation yielded evidence of segregation of resistant and susceptible 
progeny. The factor for susceptibility may be concluded to be dominant, and 
possibly unifactorial, but further studies are necessary to establish this. A more 
complete study of inheritance of disease susceptibility was reported by Sabin, 
but no tissue culture comparison was made.” Within the limits of the number 
tested, the character for susceptibility segregated in similar fashion both in the 
weanling mice and in the tissue culture experiments. Final proof of the relation- 
ship of this susceptibility in tissue culture would presumably rest on the culturing 
of cells from individual mice and subsequent determination of their individual 
susceptibility. 

In all of our experiments we have used a virulent strain of mouse hepatitis virus. 
The relationship of our findings to the established role of the protozoan Epierythro- 
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zoon coccoides has not been studied. The possibility that our tissue cultures from 
resistant mice are resistant because of latent infection in the mice themselves seems 
quite remote. The factors should not, in this case, segregate in a Mendelian 
fashion,,and latent infection of young or newborn mice has not been reported in 
these infections. 

Summary.—A virulent strain of mouse hepatitis virus is shown to have a selective 
destructive effect on the macrophages cultured from the liver and other tissues of 
newborn mice, and no apparent effect on the fibroblasts and epithelial cells. Tissue 
susceptibility seems therefore to be a property of the reticulo-endothelial system. 
Cultures obtained from resistant strains of mice showed no destruction of macro- 
phages, whereas susceptible strains of mice yielded macrophages which were 
destroyed in culture. Tests of hybrids resulting from crosses between resistant 
and susceptible strains indicate that susceptibility is inherited and that genetic 
segregation of susceptibility and resistance occurs in the F; and backcross genera- 
tions. This is apparent both in the mice themselves and in cultures obtained from 
the different genetic crosses. 

* This investigation was conducted under the auspices of the Commission on Viral Infections 
of the Armed Forces Epidemiological Board, and was supported (in part) by the Office of The 
Surgeon General, Department of the Army. 
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FREQUENCY OF DELETIONS AMONG SPONTANEOUS AND INDUCED 
MUTATIONS IN SALMONELLA* 


By M. DEMEREC 


DEPARTMENT OF GENETICS, CARNEGIE INSTITUTION OF WASHINGTON Tt 
Communicated June 21, 1960 


Among mutants collected at random in microorganisms, two classes are dis- 
tinguishable: those that have the capacity to revert to the wild type, and those 
that cannot revert. Mutants of the first class are demonstrably the result of muta- 
tion at a single site of a gene locus, whereas the nonreverting mutants are due to 
mutation affecting two or more adjacent sites. These so-called multisite mutants, 
since they show properties characteristic of the deletion mutants found in higher 
organisms, are assumed to originate by deletion of a small segment of the gene string. 

As a rule the frequency of deletions is low as compared with the frequency of 
single-site mutations. In Salmonella typhimurium strain LT-2, for example, only 
20 (4 per cent) deletions have been found among 495 spontaneous mutations affect- 
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ing 23 gene loci. An exception to this apparently general rule occurs at the cysC 
locus, where about 40 per cent of the spontaneously occurring mutations have been 
found to be deletions. Therefore cysC (cystine-requiring) mutants afford excellent 
material for a comparative study of frequency of single-site mutations and deletions, 
both spontaneous and induced. Such a study, involving mutants induced by 
ultraviolet radiation, 2-aminopurine, and mutator genes, will be reported in this 
paper. 

Material.—Earlier biochemical and genetical studies of cysC mutants by 
Clowes? * revealed that in some the requirement could be satisfied by either sul- 
phite or thiosulphate whereas in others it was satisfied only by thiosulphate. In 
the limited sample then available, the two classes formed two separate groups on 
a genetic map, and it was concluded that two cystine gene loci are present in that 
region of the chromosome, the mutants of one (cysC) being able to grow on sul- 
phite whereas those of the other (cys)) are not. Tests of additional mutants that 
have since become available, however, fail to support the division into two loci on 
the basis of nutritional requirements, and therefore all mutations found in that 
region are being designated cysC mutations. 

One hundred thirty-four cysC mutants were included in this analysis. All had 
been isolated, by the penicillin technique, from two Salmonella strains obtained 
from Dr. W. D. Zinder: LT-2, in which the frequency of spontaneous mutation 
is low, and LT-7, which has a high spontaneous mutability. Miyake* has demon- 
strated that mutations at a mutator locus are partially responsible for the high 
frequency of spontaneous mutations in strain LT-7. Since LT-7 lines that carry 
the wild-type form of this mutator gene are still about ten times more mutable 
than strain LT-2, it seems probable that LT-7 may have one or more additional 
mutator loci. Two groups of spontaneous mutants of strain LT-7 were investi- 
gated, one carrying the mutant allele of Miyaki’s mutator (mut) and the other the 
wild-type allele (mut+). Among the mutants of strain LT-2 investigated were 
46 of spontaneous origin, 21 induced by ultraviolet radiation (UV), and 40 induced 
by treatment with 2-aminopurine (AP). 

The UV-induced mutants were obtained from bacteria treated with a dose of 
about 600 ergs/em. Since about ten times as many mutants were isolated from 
the irradiated material as from a similar sample of untreated controls, it can be 
assumed that about 90 per cent of our UV mutants were induced by the radiation. 

Treatment with AP was carried out as follows. Two sets of about 30 tubes each, 
one set containing 0.05 per cent AP in 2 ml of broth and the other (control set) 
containing only broth, were inoculated with about 5 X 10* bacteria per tube. After 
48 hours of incubation at 37°C, without aeration, the bacteria in each tube were 
washed and resuspended in saline; and 0.1 ml of each suspension was used for 


isolation of auxotrophic mutants by the penicillin method. Not more than one 


auxotroph of each kind was taken from any one tube. Since in one such experi- 
ment, made by Mr. J. Ishidsu, more than 300 different auxotrophic mutants were 
isolated from the treated material and only 7 from the untreated controls, it is 
evident that in our sample of 40 mutants probably only one was of spontaneous 
origin and all the others were induced by the treatment. 

Methods.—Because the primary characteristic of deletion mutants is that they 
do not revert to the wild type, the first test made with every cysC mutant was to 
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determine whether or not it was stable. Usually instability could be detected by 
streak tests, that is, by observing wild-type colonies that appeared on streaks of 
fully grown mutant culture on minimal medium enriched with 0.01% of broth 
powder. Mutants not showing reversions in streak tests were further tested by 
plating about 2 X 10° bacteria on each of 5, 10, or more plates containing enriched 
minimal medium. ‘These bacteria multiplied to form a population of about 2 X 10° 
cells per plate. An experiment with ten plaics could detect a reversion occurring 
in a population of about 2 X 10" cells. 

The second important property of deletion mutants is that they fail to recombine 
with a number of closely linked mutants. Therefore all cysC mutants which in 
the first series of tests appeared to be stable were investigated further by trans- 
duction experiments, in which the presumed deletion mutants served as recipients, 
and single-site mutants as donors. This analysis was greatly facilitated by the 
fact that most of the deletions identified so far are long, including many of the 
sites of the 91 single-site mutants tested. 

By such analyses 30 deletions were recognized among 134 cysC mutations. 
Twenty-five of them did not recombine with a region containing 72 single-site 
mutations; three (cysC-36, C-47, and C-68) failed to recombine, respectively, with 
regions involving 34, 3, and at least 7 mutations; and one (cysC-/09) covered a 
genetically inert region about one-quarter the length of the locus. In one mutant 
only (cysC-168) it has not yet been established whether the mutation is single-site 
or a deletion. In this case no reversion was found in tests involving about 1 & 10! 
bacteria, but cysC-1/68 recombines with all available single-site mutations in the 
region of the cysC locus where it has been mapped. It may be a highly or com- 
pletely stable single-site mutation, or it may be a small deletion of adjacent sites 
not represented in our material. This mutant was one of the spontaneous LT-2 
mutants, and in Table | is included in the single-site class. 

A detailed analysis of the properties of cysC deletion mutants and the probable 
mode of their origin will be presented in another paper. 

Results and Discussion.—The data presented in Table 1 show that in strain LT-2, 
which carries the wild type of a mutator gene, many deletions were found among 
the mutants of spontaneous origin and among those induced by UV treatment, 
but none among the mutants induced by 2-aminopurine (AP). The frequency of 
deletions was slightly higher in the UV-induced than in the spontaneous sample, 
but the numbers are too small to be significant. Only a:few deletions were found 
among spontaneous mutants of strain LT-7. The difference between the two 
strains in percentage of deletions among spontaneous mutations is striking and 
highly significant. The data do not reveal any difference in frequency of deletions 
between the samples carrying mut and mut*. 

The results of these experiments indicate that two basically different mechanisms 


are responsible for the origin of deletion mutants and single-site mutants. Both 
mechanisms are affected by UV radiation, as well as by the factors that bring about 
spontaneous mutation, but AP affects only the mechanism responsible for single- 
site mutants. The difference between strains LT-2 and LT-7 in frequencies of 
spontaneously originating deletions may be accounted for by assuming that mu- 


tator genes, present in LT-7 but absent in LT-2, were responsible for most of the 
spontaneously occurring mutations in the sample analyzed, and that these genes 
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affect only the mechanism producing single-site mutants. The evidence, presented 
in this paper, that all 40 mutations induced in the cysC locus by AP are single-site, 
whereas out of 67 spontaneous and UV-induced mutations more than 40 per cent 
are deletions, supports Freese’s® explanation of the origin of AP-induced mutants 
in phage T4. According to Freese, this base analogue can pair with thymine and 
may be incorporated into DNA in place of adenine. During the duplication of 
such DNA, mistakes in pairing are more frequent than when the usual base is 
present. Mutations are induced by mistakes in pairing, rather than by the re- 
placement of DNA base by its base analogue. Accordingly, it is to be expected 
that AP will induce single-site mutations only. 

Results of a detailed genetic analysis of the deletions in locus cysC, which will 
be published in another paper, suggest that they originate during duplication of 
the gene string, by the formation of a tight loop and the subsequent exclusion of 
the portion within the loop from the newly formed string. The findings indicate 
that a duplication about one-quarter the length of the locus is responsible for the 
frequent occurrence of deletion in cysC. 

Summary.—Previous studies had shown that spontaneous mutations in the cysC 
locus of the Salmonella typhimurium chromosome include an unusually high pro- 
portion of deletions. Therefore this region was selected for a comparative study 
of frequencies of deletion mutants among spontaneous, 2-aminopurine-induced, 
and ultraviolet-induced mutants of strain LT-2, and spontaneous mutants of 
strain LT-7. The rate of spontaneous mutation in LT-7 is high because of the 
presence of mutator genes, one of which has been identified. 

The results are given in Table 1. They show that in strain LT-2 the spontaneous 


TABLE 1 


NUMBERS OF SINGLE-SitE Mutations AND DELETIONS (dl) FounD AMONG cysC 
MUTANTS OF DiFFERENT ORIGINS AND GENETIC CONSTITUTIONS 
(AP = 2-aminopurine; UV = ultraviolet; mué = mutator gene) 


- Mutants - _ 
Strain Constitution Origin Total dl % dl 


LT-2 mut * Spontaneous 46 18 39.1 
AP 40 0 0 

UV 21 9 42.¢ 
LT-7 mut * Spontaneous 12 2 Ms 
mut Spontaneous 15 1 0. 


and UV-induced mutations included a large number of deletions (about 40 per 
cent), whereas none were found among 40 mutations induced by 2-aminopurine. 
Among spontaneously occurring mutations of strain LT-7, the frequency of deletions 
was low. The results are interpreted by assuming that the mechanism responsible 
for deletions is different from that responsible for single-site mutations, that both 
mechanisms are affected in cases of spontaneous and UV-induced mutation, but 
that 2-aminopurine and mutator genes affect only the mechanism that produces 
single-site mutants. 

Results support Freese’s> explanation regarding the origin of 2-aminopurine- 
induced mutants in phage T4. 


The author wishes to acknowledge the efficient assistance of Miss Carol A 
Nagele in these experiments. 
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STUDIES ON THE HISTOCOMPATIBILITY GENES OF THE SYRIAN 
HAMSTER* 
By R. E. Brtuincuam, G. H. Sawcuuck, ano W. K. SILveRs 
THE WISTAR INSTITUTE OF ANATOMY AND BIOLOGY, PHILADELPHIA, PENNSYLVANIA 
Communicated by Sewall Wright, June 30, 1960 


Although Syrian hamsters (Mesocricetus auratus) can reject orthotopic 
homografts of skin just as promptly and effectively as other mammals, 
suggestive evidence has been obtained that the number of important histocom- 
patibility genes segregating in the various hamster stocks so far tested may be very 
small.'~* For example, it has been shown that a high proportion of skin homo- 
grafts transplanted between members of the same closed but random-bred stocks 
are usually accepted for a very long time, and that skin homografts may long be 
accepted even when transplanted between members of different and completely 
unrelated stocks. The many reported successful propagations of tumors of spon- 
taneous or induced origin in noninbred hamsters also hint at the paucity of impor- 
tant histocompatibility genes in this species.‘~!* 

As a general rule, solid tissue homografts that establish vascular and lymphatic 
connections with their hosts will be exempted from a fairly prompt immunological 
rejection only if all the important histocompatibility genes (or transplantation anti- 
gens) possessed by them are also fully represented in the hosts. This state of 
affairs obtains: (a) consistently, when grafts are made within an inbred strain 
(isografts) or from such a strain to its I; hybrid offspring, or (6) in a proportion of 
cases, when parental strain grafts are transplanted to F, individuals. By deter- 
mining this proportion (x) experimentally, it is possible to estimate the number of 
histocompatibility genes present in the one parental strain but absent in the other, 
since x can be shown to be equal to (*/,)", where is the number of genes concerned. 
Of course, it has to be assumed that the genes segregate independently, and that 
ach determines an antigen that is singly sufficient to provoke a level of sensiti- 
zation of the host that will lead to graft destruction during the period when the 
animals are maintained under observation. In mice, ‘“‘weak’’ transplantation 
antigens are known that may take many weeks, or even months, to procure the 
ultimate breakdown of homografts.'*~'® Indeed, they may even fail to do so in 
some cases. 

It must be emphasized that in the mouse, and in all other species where there are 
many histocompatibility genes, analyses of this sort are only possible or meaningful 
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if highly inbred or isogenic stocks are available for investigation, although in 
theory, at least, noninbred stocks should be suitable provided that each is uniform 
with respect to its histocompatibility genes.'’ The existence of the latter state of 
affairs in our only partially inbred hamster stocks? has made possible the present 
study, the purpose of which was to obtain an estimate of the number of histocom- 
patibility genes involved in the rejection of skin homografts in this species. 

Materials and Methods.—Small breeding nuclei of the strains of hamsters used 
in this investigation were obtained in 1957 from three completely independent, 
closed, random-bred colonies in England.? The designation of these stocks, their 
color phenotypes, and the periods for which each had been known to have been 
isolated when the present grafting experiments were initiated are: M.H.A., albino 
(4 years); L.S.H., agouti (6 years); and C.B., agouti (12 years). Since its arrival 
in this Institute each strain has been maintained by brother X sister matings and 
is currently in its seventh generation of inbreeding. All the C.B. and L.S.H. 
animals used in this investigation could be traced back to common Fs or Fy matings, 
whereas the M.H.A. animals were derived from three lines separated when the 
present inbreeding program began. 

Billingham and Hildemann’s? preliminary analyses conducted on randomly 


selected animals from each of the three “parental”? English colonies had shown 
that a very high proportion of intra-strain skin homografts lived for at least 100 
days, but that homografts exchanged between L.S.H. and C.B. animals were very 
promptly rejected, as were those transplanted from M.H.A. donors to C.B. hosts. 


Operative procedures: The operative procedures employed for the preparation 
and transplantation of the skin grafts—in the present study disks of skin 1.3 to 
1.6 cm in diameter and comprising the epidermis and full thickness of the dermis 
are described in detail elsewhere.? In the intra-strain tests, each animal received a 
single graft fitted into an appropriately sized bed on the lateral thoracic wall. 

Scoring of the survival times of the grafts: Primary inspection of all grafts was 
made on the ninth postoperative day, and subsequent inspections were carried out 
at two- or three-day intervals until the twentieth day, after which examinations 
were carried out less frequently. Appraisal of the condition and degree of viability, 
and assessment of the survival times of homografts that broke down at an early 
stage as a consequence of typical acute reactions presented no difficulty. How- 
ever, many grafts healed in perfectly, regenerated good hair crops, and lived for 
long periods of variable duration, sometimes exceeding 150 days, in a state of 
complete normality before indications of a feeble, chronic reaction on the part of 
the host appeared. Prompt rejection of these long-term grafts was never en- 
countered, and consequently a precise estimation of their survival endpoints was 
impossible. There was a progressive loss of fur, culminating in complete alopecia, 
increasing smoothness of the epidermis, and, finally, a scar-like appearance. This 
type of reaction has recently been studied in detail by Hildemann and Walford.'* 
The time at which the epidermis of our bald, shiny grafts could be separated from 
its dermis by light scratching with the fingernail was arbitrarily taken as the 
survival end-point. 

Plan of experiments: As necessary preliminaries to the experiments to be 
described, the following procedures were carried out: 

1. Each of the three strains was tested for the antigenic homogeneity of its 
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members by pairing adult animals from different litters and exchanging skin grafts 
between them. 

2. Homografts were exchanged between randomly selected individuals in the 
three possible strain combinations, C.B. = L.S.H., C.B. = M.H.A., and L.S.H. 
= M.H.A. Median survival times of these homografts, with their confidence 
limits for '*/29 probability, were estimated according to Litchfield’s method.'* 

Then, with each of the two strain combinations in which homografts were 
promptly and consistently rejected, C.B. = L.S.H. and C.B. = M.H.A., three 
independent matings were set up. As a final check, homografts were interchanged 
between these intended parents to confirm their incompatibility to grafts of each 
other’s skin. All the F, individuals employed for the tests to be described were 
derived from full-sib matings of the F, progeny of these individuals. 

Every F, animal received, when it was 5-7 weeks old, a single skin homograft 
from a randomly selected donor of each of its grandparental strains, both grafts 
being transplanted simultaneously. 

Throughout this work, the grafts were maintained under observation for 200 
days—an appreciable portion of the average life-span in this species, usually stated 
to be about 18 months. 

Although there is no evidence for the existence of any Y-linked histocompati- 
bility gene(s) in Syrian hamsters?: *—such as occurs in all mouse strains so far in- 
vestigated” and in some isogenic strains of rat'"—to avoid all risk of complication, 
male skin was never transplanted to female recipients in this work. 

Results.—1. Intra-strain grafts: The results of the extensive series of intra-strain 
grafting tests (Table 1) indicated that each strain was sufficiently homozygous 


TABLE 1 
SuMMARY OF CONTROL SERIES OF GRAFTING TESTS 
Survival times Median survival 
No. No. of rejected times, with 
Donor Recipient No. compat- incom- grafts confidence limits 
strain strain grafted ible* patible (days) (days) 
Intra-strain Grafts 
M.H.A. 19 17 2 ~45, ~55 
C.B. 26 2 l 14 
L.S.H. 27 P 0 
Inter-strain Grafts 
L.S8.H. 29 0 29 9-16 
L.S.H. C.B. 27 0 27 10-23 
C.B. M.H.A. 16 0 16 9-11 
M.H.A. C.B. 16 ] 15 10-17 
L.S.H. M.H.A. 10 6 } 11, 19, ~60, 
~130 
M.H.A. L.S.H. 9 2 7 12, 19, 27, 32 


~65, 2x ~130 


* “Compatible” grafts are those which were still in impeccable condition 200 days after transplantation 


with respect to its histocompatibility genes to justify the performance of the F, 
tests. Only one of 26 C.B. hamsters rejected its C.B. test graft; with the M.H.A. 
strain, 2 out of 17 rejected their intrastrain grafts, but only after intervals of about 
15 and 55 days, respectively. The L.S.H. animals were completely homogeneous 
so far as this test could reveal. 

2. Inter-strain grafts: Of the three strain combinations tested (see Table 1), 
two—C.B. = L.S.H. and C.B. = M.H.A. —were highly and almost consistently 
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Fia. 1.—Distribution of survival times of C.B. strain grafts —~ (C.B. x 
L.S.H.) F. hosts. 





intolerant of skin homografts interchanged between them. One out of 16 C.B. 
animals failed to reject its M.H.A. test graft. With the third strain combination, 
M.H.A. = L.S.H., which was tested on a smaller scale, a significant proportion 
of individuals accepted their test homografts. Accordingly, experimental analysis 
of the number of histocompatibility genes determining rejection of skin homo- 
grafts was confined to the C.B. = L.S.H. and C.B. = M.H.A. strain combinations. 

3. Homografts from C.B. > (C.B. X L.S.H.) F2 hybrids: Of 60 F2 hybrids that 
received technically satisfactory homografts from C.B. donors, only 15 rejected 
their grafts—all very promptly (within 20 days) after typical acute homograft 
reactions (see Fig. 1). The grafts on the remaining 45 hamsters in this series 
(75 per cent) were still in excellent condition when the experiment was discontinued 
on the 200th postoperative day. ‘These findings constitute strong evidence that 
rejection of C.B. homografts by L.S.H. hosts is determined solely by a single 
strong histocompatibility gene (see Table 2). 

4. Homografts from L.S.H.— (C.B. X L.S.H.) F, hybrids: With this donor/host 
combination, 32 of 59 (54 per cent) homografts survived throughout the observa- 
tion period, indicating difference with respect to two histocompatibility genes. 
Here, there was enormous variability in the survival times of the rejected grafts: 


TABLE 2 
SuMMARY OF PARENTAL F, Hyprip GRAFTING TEsTs CONDUCTED AND RESULTS 


Expected 
no. of 
No. of grafts surviving If no. of 

No. of surviving for grafts histocompatibility 

grafts longer than at 200 genes 

Donor/host combination observed 200 days days involved is: 

C.B. — (C.B. X L.8.H.) F: 60 45 (75.0%) 45 I 
L.S.H. + (C.B. X LS.H.) F; 59 32 (54.0%) 33 2 
C.B. —~ (C.B. X M.H.A.) F, 59 45 (76.0%) 45 l 
M.H.A. — (C.B. XK M.H.A.) F, 58 37 (64.0%) 43.5 l 
9 


32.6 


(P = 0.05) 
(P > 0.2) 
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Fic. 2.—Distribution of survival times of L.S.H. strain grafts ~ (C.B. & L.S.H.) Fy» hosts. 


they ranged from 10 to 140 days (Fig. 2). However, the prompt rejection of 16 
of the grafts (i.e., within 20 days, after acute reactions) and the survival of the 
rest of the rejected homografts for 24 to 140 days suggest an unequal effect of the 
two genes. One, that is, probably determines a ‘“‘strong,” and the other a “‘weak,” 
transplantation antigen. 

5. Homografts from C.B. — (C.B. X M.H.A.) F2 hybrids: In this combination, 
45 of 59 grafts (76 per cent) were still in excellent condition on the 200th post- 
operative day. The individual survival times of 12 of the 14 rejected grafts 
fell within the 10-18 day range, the remaining grafts being rejected after about 25 
and 115 days, respectively (Fig. 3). These data are almost exactly what would be 
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expected if the incompatibility were determined by a single strong histocompati- 
bility gene (Table 2). 

6. Homografts from M.H.A. — (C.B. X M.H.A.) F, hybrids: Here, 37 of 58 
animals (64 per cent) fully accepted their test grafts. The survival times of the 
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Fic. 4.— Distribution of survival times of M.H.A. strain grafts —~ (C.B. * M.H.A.) 
F; hosts. 


21 rejected grafts covered such a wide range (lig. 4) as to suggest that even more 
might have succumbed had the observation period been prolonged. It may be of 
some significance that the hair crops on several of the surviving grafts were con- 
spicuously sparse on the 200th day. Of the 21 rejected grafts, 13 lived for 20 
days or less. 

These findings are consistent with the hypothesis that we are dealing here with 
only one strong factor and probably with one weak factor with incomplete pene- 
trance (Table 2). 

7. Studies on immunologically tolerant hamsters: By pre- or neonatal inoculation 
of the young of a variety of both avian and mammalian species with living tissue 
cells from donors of homologous origin, it is possible to make them permanently 
and specifically tolerant of (i.e., incapable of reacting against) “foreign”’ transplan- 
tation antigens present in the inoculated cells. They will then permanently accept 
subsequent skin homografts from the original donor strain transplanted in adult 
life. 2! 22 

Accordingly, fully tolerant animals must be incapable of reacting against the 
sum total of all those transplantation antigens (or histocompatibility genes) which 


they themselves possess and those which characterize the homologous cells toward 


which they have been rendered tolerant. Such animals can be useful in the 
elucidation of histocompatibility gene relationships of different strains, as Billing- 
ham and Brent have shown.” 


TABLE 3 
EXPERIMENTS WITH TOLERANT HAMSTERS 

Strain in Survival times Survival times* 

Strain of respect of No. of of grafts from Strain of of grafts from 
tolerant which tolerant strain in respect second second donors 

hosts tolerant hosts of which tolerant donor (days) 

C.B. L.8.H. 15 14 X > 200 M.H.A. 13 X > 150 

1X ~157 ~80, ~110 

C.B. M.H.A. 5 5 X > 150 L.S.H. 4X >120 

1 X ~120 


* Interval between first and second grafting operations 35-50 days. 
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C.B. strain hamsters, made tolerant either of L.S.H. or M.H.A. tissues by neo- 
natal injection with bone marrow cell suspensions prepared from adult donors of 
these strains,** and bearing appropriate test skin homografts of long standing 
from the original donor strain, were subsequently challenged with skin homografts 
from the other strains (Table 3). The failure of nearly all the tolerant animals to 
reject skin homografts from the second donor strain during the observation period 
constitutes evidence that: (a) M.H.A. strain hamsters have no histocompatibility 
genes besides those present in the combined genomes of C.B. and L.S.H. hamsters; 
and (b) L.S.H. hamsters, too, have no bhistocompatibility genes not represented in 
the combined genomes of C.B. and M.H.A. animals. 

Conclusions and Discussion.—The results obtained with the C.B. and L.S.H. 
strains indicate that the mutual incompatibility towards each other’s tissues results 
from a difference with respect to two histocompatibility genes, only one of which 
determines an antigen strong enough to procure the rapid breakdown of homografts. 
Indeed, the C.B. ~ (C.B. & L.S.H.) F: tests revealed the existence of this strong 
factor only. That two loci must be recognized, however, follows from the findings 
with the L.S.H. ~ (C.B. X L.S.H.) F, tests. The bimodal distribution pattern 
of the survival times of the rejected grafts in this combination, along with the 
number of rejections in each group, is in complete accord with the operation of two 
factors, one “strong” and the other of much weaker influence. Unlike skin homo- 


“ 


grafts that differ from their hcsts with respect to one or more “‘strong’’ histocom- 
patibility factors and normally have short survival times falling within a narrow 
time interval, the survival times of grafts that differ from their hosts only with 
respect to a single weak factor have been shown to vary enormously.'* ** % Hence 
it seems not unreasonable to refer all the breakdowns observed after 20 days to the 
operation of a single weak antigen. Inability to demonstrate the existence of a 
locus determining weak transplantation antigens with the C.B. homografts suggests 
that in these animals the product of the gene at this locus is too weak to have any 
effect, at least during the 200-day observation period. 

Conclusions closely similar to those reported above may be drawn from the 
tests conducted with the C.B. and M.H.A. strains. Here again, grafting of (C.B. 
x M.H.A.) F, hybrids with C.B. skin gave evidence of only a single strong factor 
difference, whereas grafting with M.H.A. skin brought to light the effect of a 
second, apparently weaker, locus with incomplete penetrance distinguishing the 
two strains. Again, these observations are consistent with the occurrence of a 
histocompatibility factor in C.B. animals which is too weak to promote graft re- 
jections. 

Obviously, if the two histocompatibility genes which distinguish C.B. 
from M.H.A. strain animals are the same as those involved in the difference be- 
tween C.B. and L.S.H. hamsters, then it follows that M.H.A. and L.S.H. hamsters 
should accept grafts interchanged between them. However, this was not found to 
be the case (see Table 1): 40 per cent of L.S.H. — M.H.A. homografts were re- 
jected, as were 78 per cent of M.H.A. ~ L.S.H. homografts (in a trial invol, ing 


a relatively small number of animals). Two graft rejections in each case were of 
the acute type, while the remainder were chronic in nature. From these results 
we can infer the existence of some heterogeneity within the M.H.A. stock, and 
perhaps in the L.S.H. stock as well, which evidently involves a major histocom- 
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patibility locus. The chronic rejections of some grafts exchanged between these 
strains also indicate a difference with respect to at least a single weak histocom- 
patibility locus. Furthermore, if this is the only weak histocompatibility dif- 
ference between these strains, Billingham and Hildemann’s? work indicates that at 
least one antigen determined by this weak locus in L.S.H. animals must also be 
produced in C.B. animals, since these workers found that prior grafting of M.H.A. 
hamsters with C.B. skin sensitized many of them to subsequent L.S.H. grafts they 
might otherwise have failed to reject. 

The studies on immunologically tolerant C.B. hamsters have shown very clearly 
that the sum total of the histocompatibility factors present in C.B. and L.S.H. 
animals includes all the important factors present in the M.H.A. strain. 

Since it has been shown that the most important difference between L.S.H. 
and C.B. is that each possesses a single major histocompatibility factor lacking in 
the other, an attempt has been made to determine whether the genes concerned 
are alleles or not. 

1. If the factors involved are alleles, assumed to be A and A’, all Fi hybrids will be 
4’, and F; animals should be present in a ratio of 25 per cent AA, 50 per cent 
4 


A 
A, 


, 


, and 25 per cent A’A’. 


Expected Expected fate of parental grafts 
¢ A’A’ 


F2 Genotype incidence, “% 
AA 25 + 0 
AA’ 50 es 
A’A’ 25 0 + 
= acceptance for at least 20 days. 
0 = early rejection after acute reaction. 


So that 50 per cent of all the I*.’s tested should accept test grafts from both parental 
strains, and 50 per cent should accept grafts from only one of the parental strains. 

2. If the factors involved are determined by independent loci, assumed to be rep- 
resented by the alleles A, a and B, 6, and the additional assumption is made that 
only A and B express themselves, then the F; hybrids will be AaBb and the F, 
genotypes will be present in the proportions shown below: 


Expected Expected fate of parental grafts 
F: Genotype incidence AAbb aaBB 


A-B- 56.25 + aa 

A-bb 18.75 + 0 

aab- 18.75 0 + 

aabb 6.25 0 0 
According to this hypothesis, but not to the first one, the existence of some F; 
animals that will promptly reject grafts from both parental strains is predicted. 

The same question of allelism versus independent loci also arises for the strong 
factor by which C.B. differs from M.H.A. and that by which M.H.A. differs from 
C.B. The factors concerned should be the same as with L.S.H. and C.B., since 
if this were not the case, L.S.H. would differ consistently from M.H.A. by two strong 
factors, and vice versa, which is clearly not true. Thus, in the test for allelism versus 
nonallelism, summarized in Table 4, the determined compatibilities of the parental 
strain grafts on the two F,’s, (L.S.H. X C.B.) and (M.H.A. X C.B.), were pooled. 

Comparison of the experimental results with those expected on the basis of each 
of the two hypotheses under consideration leads to the provisional conclusion that 
the strong factors concerned must be determined by independent loci rather than 
by alleles, unless the existence of the three animals that rejected grafts from each 
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TABLE 4 


TEST FOR ALLELISM VERSUS INDEPENDENT Loci WitH Respect to Masor HistocoMPATIBILITY 
Factors 

No. that 
accepted grafts 

No. that accepted from only 

grafts from both one parental grafts from both 

No. of F: animals tested* parental strains strain parental strains 

116 63 50 3 
Expected nos. if independent 
loci involved: 62.25 43.5 7.25 

(0.200>P>0.1) 


No. that rejected 


Expected nos. if allelism in- 
volved: 58 58 0 
* Pooled (L.S.H. X C.B.) and (M.H.A. X C.B.) F: animals—see text. 


parental strain is attributed to the known nonuniformity of the parental stocks. 

The apparent inconsistencies observed make it difficult to deduce the exact 
histocompatibility genotypes of the three strains of hamsters investigated from the 
combined evidence obtained. This is especially true when the results of the intra- 
strain tests and of those obtained from grafting parental strain skin on F, animals 
are compared with those derived from studies on tolerant animals and from the 
exchange of grafts between L.S.H. and M.H.A. animals. The latter results are 
particularly perplexing, since the fate of intra-strain grafts and the F; tests with 
the C.B. strain indicate that each of these strains is homogeneous, while, on the 
other hand, the fate of the grafts exchanged between them suggests that one, if not 
both, of these strains must be highly heterogeneous. Further studies are required 
to resolve this situation, which may possibly be due to the multiple origin of the 
M.H.A. animals. The pooling of experimental animals precludes any analysis 
here. Another finding to be accounted for is the apparent return to homogeneity 
in tests conducted upon tolerant C.B. hamsters. It seems as if the C.B. genotype 
adds something to the factors present in the strain in respect of which these animals 
are made tolerant; but this is difficult to reconcile with the fact that it adds nothing 
in the case of the F, segregants showing delayed chronic reactions. 

The antigenic constitutions postulated below for our three hamster strains 


Strong factor Weak factor 


Cip.: 
L.S.H.: 
M.H.A.: 


AbE 
aBE, aBe 
aBE, aBe 


cd 
Cd 


cD 


would account for the majority of the experimental findings. The bracketed 

symbols may represent different antigens at one locus, or different antigens at 

different loci. The association of E and e—factors responsible for the inferred 

heterogeneity within the L.S.H. and M.H.A. strains—with the strong antigens 

A and B has some significance, since the F, segregants from which C.B. grafts fail 
ee 


to elicit a strong reaction must carry ADE. The straightforward results obtained 

when the F, animals were grafted with C.B. skin are thus easily explicable, since 
i 

such grafts would be AbE cd and contain no foreign antigens. If the difference 

os »~ ~~ 

E — e causes little or no reaction itself but enhances the reaction when aBE cD 


pe, , a C~ 


grafts are placed on aBe Cd animals and aBE Cd grafts are placed on aBe cD animals, 
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a weak to strong reaction of L.S.H. to M.H.A. and vice versa is explicable in spite 
of the failure of intra-strain tests to reveal this heterogeneity. This scheme also 
accounts for reduction of the reaction in the tolerance experiments. The facts 
not satisfactorily explained by this hypothesis are the low penetrance of the anti- 
Ny Pm 

gens present in aBE cD grafts on aBE Cd animals and of the reciprocal in the 
tolerance experiments ana in the transplants exchanged between L.S.H. and M.H.A., 
in comparison with the relatively high penetrance required to account for the weak 
reactions in the two F, experiments. 

In the formulation of this hypothesis it has been assumed that the same hetero- 
geneity was present in L.S.H. ~ L.S.H. and M.H.A. > M.H.A. as in L.S.H. = 
M.H.A., but was concealed by low penetrance. 

The inconsistent results obtained, though difficult to appraise, are not too sur- 
prising in view of what is known about the considerable variations in the response 
of truly isogenic animals to weak transplantation antigens. This variation may 
actually be enhanced in the present instance because of the almost certain genetic 
heterogeneity of the subjects. Genes may be segregating that influence either the 
formation or expression of certain isoantigens or of the intensity of the response 
process itself. 

Although the present study confirms earlier suspicions that the number of de- 
tectable histocompatibility genes segregating in domesticated Syrian hamsters is 
remarkably small, it affords no obvious clue as to the origin or biological signifi- 
cance of a situation which, at least in our present state of knowledge, appears to be 
confined to this species. 

Like many other rodents, hamsters have a short gestation period, give birth 
to large litters, and attain sexual maturity very rapidly. Thus, from the point of 
view of population turnover, there has been ample opportunity for mutant histo- 
compatibility genes to have arisen and segregated since this species was first 
domesticated from a single litter in 1930 and widely propagated as a laboratory 
mammal and pet. Hamsters are certainly not exempt from the occurrence of 
mutations, as evidenced by reports of at least 6 mutations involving coat and eye 
color.” —?* 

In addition to various hypotheses already discussed by Billingham and Hilde- 
mann,” * the following possibilities should at least be borne in mind: 

(1) Hamsters may differ from other species in that their histocompatibility loci 
are exceedingly stable. If this is so, the original progenitor litter of all available 
stocks may itself have been almost uniformly homozygous with respect to its 
histocompatibility genes, and present-day wild populations may also be in this 
condition. It must be added that Billingham and Hildemann? cited evidence that 
the unitary origin of all domestic hamsters will not, per se, account for the situation 
we seek to explain. 


(2) The paucity of histocompatibility genes in this species may be illusory, in the 
sense that although many different “histocompatibility” alleles may be segregating. 
their products may be too weak to reveal their presence in the grafting tests de- 
scribed. Some of the findings reported in this paper are indeed consistent with 


this hypothesis, and its plausibility is strengthened by observations of Hildemann 
and Walford,'’ that grafts which had been in residence in a state of complete nor- 
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mality for more than 200 days were occasionally overtaken by a delayed reaction 
later on. Furthermore, loci determining very weak transplantation antigens occur 
in mice—loci which are undetectable on some genetic backgrounds. 

Finally, it must be pointed out that tissue transplantation is an unnatural pro- 
cedure that just happens to reveal the existence of what are known as transplanta- 
tion isoantigens (and their determinant genes). As Medawar*! has suggested, these 
gene-products are constantly being released by cells in normal, intact animals and 
may well fulfil important physiological roles. Indeed, the variable strengths of 
transplantation antigens may not parallel their relative importance in their true 
biological context. If this is true, the postulated pleiotropic effect of these genes 
must clearly be recognized as an experimental artifact, and any susceptibility they 
may have to selective forces must originate from their unknown function(s). 

Any attempt to explain the selection of these genes solely in terms of the iso- 
antigens which they determine will be justifiable only if it can be shown that these 
isoantigens per se are in some way beneficial to a population. The apparent associa- 
tion of a predisposition to certain diseases with the presence of particular red cell 
isoantigens in man appears to present a similar problem.*? 

Summary.—Previous suspicions that Syrian hamsters, unlike other mammals, 
have very few detectable histocompatibility genes have been confirmed. Not 
more than three loci are necessary to account for rejections of skin homografts 
interchanged between members of three different strains, each of which behaves as 
if it is almost homogeneous with respect to histocompatibility genes. Only one or 
two of the loci detected appear to be responsible for the production of strong trans- 
plantation antigens. The biological significance of this situation is discussed. 


* This investigation was supported by a research grant (C-3577) from the National Institutes of 
Health, U. 8S. Public Health Service. The authors are highly indebted to Professor Sewall Wright 
for helpful criticism and constructive suggestions. 
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CONVEX TYPE VARIETIES*' 
By THeopore 8S. Morzkin 
DEPARTMENT OF MATHEMATICS, UNIVERSITY OF CALIFORNIA, LOS ANGELES 
Communicated by J. L. Walsh, June 30, 1960 


1. Introduction.—Strictly convex hypersurfaces in affine n-space, n > 1, meet 
every straight line in at most two points, and lie on one side of every tangent 
hyperplane. Strictly comonotone curves meet every hyperplane in at most n 
points, and lie for even n on one side of every osculating hyperplane. Having thus 
singled out varieties of dimensions n — 1 and 1 with to some extent analogous 
properties we are led to ask whether there are similar varieties V of a dimension m 
between 1 andn — 1. We assume differentiability as needed. 

We shall see that the answer to the question posed is negative for ‘“‘exact minimal 
order’’, affirmative for ‘‘unilaterality’’ (as defined below). But while examples of 
strictly convex hypersurfaces (e.g., the sphere) were evident as soon as n-space was 
considered (for n = 2 and 3 coinitially with geometry), and while a special strictly 
comonotone curve, the norm curve, is maybe the simplest algebraic space curve,! 
the unilateral varieties other than curves and hypersurfaces perhaps escaped de- 
tection because of their non-existence for n < 10. 

2. Notations and Definitions.—-The desired properties of a variety of dimension 
m in n-space are: 

M, (exact minimal order): V intersects every (n — m)-flat (linear variety of di- 
mension n — m) in at most n — m + | points. 


U (unilaterality): for any point «on V,V — {2} lies in an open halfspace bounded 


by a hyperplane H, that is the flat. of highest contact at x. 

Weaker related properties also considered : 

M (minimal order): V intersects almost every (n — m)-flat (i.e. all but a set of 
measure 0) in at most n — m + 1 points. 

U’, (local unilaterality): for every x on V there exists a neighborhood N of x such 
that va N — }2} lies in an open halfspace bounded by H,. 

F (flexion): for any x on V, Vad, = ja}. 

F, (local flexion): for any x on V there exists an N such that Va Nn H, = }2}. 

Further B and S denote boundedness and simplicity (non-self-intersection) in case 
of varieties without a lower-dimensional boundary. 

Unilaterality is a pronounced case of outwardness, i.e., the property of a variety 
consisting of the extreme points of its convex hull. 
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3. Results —We shall prove 
THEOREM |. For every variety with property M,,m = 1 orm =n — 1 


m 
where k is odd. Moreover for these n and m there exist varieties with properties U, B, 


bs ea a ; BYE ‘ m+k 
[THEOREM 2. There are varieties with property U, if and only if n = 4 
property Y 2, 


\ 


and S. 

THEOREM 3. There exist varieties with property F, and without property U, if and 
only if m = 1 and nis odd. None of these varieties has property B; all have proper- 
ties F and S. 

We also give examples of varieties with property M and m # 1,n — 1. 

4. Proofs.—Proof of Theorem 1: Property M, is obviously inherited by the 
intersections of V with flats; n — m remains unchanged. Hence it suffices to 
prove that m = 2 and M, imply n = 3. 

For m = 2 and even n a hyperplane H intersects V in a comonotone curve; its 
sense determines an orientation of H and a direction 6 on the normal of H. When 
H turns around an (n — 2)-flat, 6 changes continuously: after rotation by + we 
obtain the original H with opposite 6, a contradiction. 

For m = 2 and odd n any n points on V determine a hyperplane H, hence a 
comonotone curve V n H and on it a cyclic ordering of then points. The ordering is 
preserved when the points move continuously on V, as long as they remain dis- 
tinct; such a move can be performed so that two of the points exchange position 
while the others remain fixed (the points may be assumed near each other on a 
connected part of V). For n > 3 this would be u new ordering, again a contradic- 
tion. (This case of the proof can also be extended to even n.) 

Proof of Theorem 2: (1) The tangent flats of V at a general point have dimension 


\ 


2 k - ; 
Mm, a i ) ak ee © - ) —1<n. The last of these is a hyperplane H, 


‘m+k 
k 


) If near x = (2, ... , 2) the parametric expansion of V is 


only ifn = ( 


\ 


ait+ p We aig CHA p OOS sane 
7 = (hy... Ju), © Hh"... Ue”, I ORF os + Ges 


then the c;; with 1 Z J Z k determine the direction (d,, ... , d,) orthogonal to H,, 
and the distance of a point of V near x (and on the same branch) from H, is 6+ 
higher terms, ® = >>, ~, 4 ,d,w’. Property U, means that the form @ of order 
k + 1 (which cannot vanish identically for all x) is definite and hence k odd. Ob- 
serve that ® is a constant times the determinant formed by the c,,, 1 Z J Z k, and 
the >, a 241 Cy’. 

(2) Ifthe xz,7=1,...,n — 1 are the different products u/ with 1 Z J Zk 
and if x, is a definite form ¥(u) = >>, -, +4, cw, then for every parameter value 
system @ = (%, ... , Mm) we have x, = (u — u#)’ + 1.d.t. (terms of lower degree in 
u— &), 2, = Wu — #) + ldt. The above determinant, taken at x, equals 
V(u — #); hence the rational variety V defined by the x, has properties U and S. 
Moving the tangent hyperplane H slightly we obtain a hyperplane H’ disjoint 
from V; a projective transformation such that H’ becomes the hyperplane at infin- 
ity makes V bounded. 
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Proof of Theorem 3: Here ® is not-.definite, while @ = 0 for no real (uw, ... , Un) 
~ (0,...,0). This is equivalent tom = 1,k + 1 = nodd. The V are locally 
comonotone; if comonotone they have property F. A closed bounded curve crosses 
every hyperplane in an even number of points; for odd n the curve crosses some 
hyperplanes in at least n + 1 points; and between n + 1 crossings of a hyperplane 
and a curve there is always a point of hyperosculation for which F, does not hold.? 

5. Remarks.—Note that every definite form W(u) gives rise to a unilateral ra- 
tional variety. For m = 1 we obtain the norm curves, for m = n — 1 the strictly 
convex quadrics. The unilateral rational varieties belonging to definite forms ¥(w) 
are easily seen to be intersections of quadrics. 

A unilateral variety with m <n — 1 ona strictly convex quadrie (e.g., a norm 
curve for even n) is, by projection of the quadric to a hyperplane and inversion, 
transformed into a variety in (n — 1)-space that lies on one side of every osculating 
hyperplane. 

Examples of rational varieties with property 7, m = 2, > 3 are given by (u, », 
u?, w) and (u, v, w?, wv, v?). 

For even n and m = 1 property U, without U can hold with B and S, with either, 
or neither; while U implies S but not B. 

The numbers n < 2’ for which m-dimensional unilateral varieties with m + 1 

— 1 exist are by Theorem 2: 


m 2: 10, 21, 36, 55, 78, 105 
m = 3: 20, 56, 120 
4: 35 

5 


: 56 


m 
m 
m = 6: 84 
m = 7: 120 


m+ 3 
») 


), we have m < (6n)!/°.. The number of numbers n < m is 
. 


Since n > ( 


asymptotically equal to (no/2)'”*. 

The convex hull of finitely many points on a unilateral variety other than a con- 
vex hypersurface or comonotone curve is a unilateral polyhedron. Also the corre- 
sponding cones and the dual varieties, cones and polyhedra, as well as the dissec- 
tions of space by finitely many flats H, of highest contact with a unilateral variety 
deserve attention. 

* Presented to the American Mathematical Society April 22, 1960. 

+ The preparation of this paper was sponsored (in part) by the Office of Naval Research. Re- 
production in whole or in part is permitted for any purpose of the United States Government. 

1 Closed comonotone curves made their existence felt by some of their plane projections, viz. 
certain epicycloids and Bowditch-Lissajous curves, e.g., the graphs of Tchebyshev polynomials. 
General comonotonicity was introduced by C. 8S. Juel, On nonanalytic curves, Danske Vid. Selsk. 
Skrifter Nat. Math. Afd. (7), 1, 6, 296-355 (1906) (in Danish); Jber. Deutsch. Math. Verein, 16, 
196-204 (1907) (in German), and J. Hjelmslev, “‘On the foundation of the theory of simple curves,”’ 
Nyt Tidsskr. Mat. 18 B, 49-70 (1907) (in Danish); see also I. J. Schoenberg, “An isoperimetric 
inequality for closed curves convex in even dimensional Euclidean spaces,’”’ Acta Math. 91, 143- 
164 (1954), and T. S. Motzkin, ““Comonotone curves and polyhedra,” Bull. Amer. Math. Soc. 63, 
35 (1957). 

2 Cf. T. S. Motzkin, ‘‘Sur les ares plans dont les courbes osculatrices ne se coupent pas,”’ C. R. 
Acad. Sc. (Paris), 206, 1700-1701 (1938). 





THE PATHS OF RAYS OF LIGHT IN GENERAL RELATIVITY 
By LurHer P. EIsENHART 
PRINCETON UNIVERSITY 
Communicated May 10, 1960 
1. This paper deals with a space V, of four dimensions which admits minimal 
geodesics as paths of rays of lights, that is curves for which 


dx' dx? 


«0 
9 ds ds (1) 


This means that the symmetric metric tensor g;,; is not positive definite. 
The equation of geodesics in V, is! 


= 2) 


d?z' t | dx’ dx* 
jkS§ ds ds 


ds? 


The second term in this equation stands for the sum of terms as j and k take the 
values | to 4. This convention is used throughout this paper, namely that when 
in a term the same letter enters as a subscript and superscript, it means that the 
one term stands for the sum of terms as the index takes the values 1 to 4. 

We put 


dx' 


ds 


mis (3) 


where \‘ are the contravariant components of a vector, in terms of which equation 


(2) of geodesics is 
OX! | ) 
4. ¢ Min = 0 
(ss is LjkS 


NM = 0 


which we write in the form 


where 
On’ pipe 


N= — +) 


dx! Likl ©) 


which is the covariant derivative of \‘ with respect to x’.? 

Here, and throughout this paper, a component of a vector or other tensor fol- 
lowed by a comma and an index denotes the covariant derivative of the quantity 
with respect to x with this index. 


2. The covariant components dA, of the vector x‘ are given by 


hi = Gud (6) 


Since the covariant derivative of gx is equal to zero,* when equation (4) is multi- 
plied by gx and summed for 7, the result is 


Gurr’ = (gud) pd!) = upd = 0 (6a) 


1093 
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which when k is replaced by 7 becomes 
Ai jd! = 0 
where 
Ov; sky 
= aa af 
Ox! aj 


which is the covariant derivative of \; with respect to 2’. 
By means of equation (3) the equation (1) becomes 


Xi,j 


gist’! = 0 (9) 
which in accordance with equation (6) becomes 
MA; = 0. (10) 


3. When equation (10) is differentiated covariantly with respect to 2’ the result 


Nit + AA‘; = 0. 
Since the covariant derivative of g“ is equal to zero,* we have 
Ay = A(g*ry), = Ag™*rry = AAzy. 
Hence the above equation is equal to twice the equation 
AA! = 0. 
In accordance with equation (10), equations (7) and (11) are satisfied by 

diy = Ar; + Dry + Aju: 

where a, b, and c are constants and p; is a vector such that 
(13) 


When equation (12) is multiplied by g’”* and summed for 7 and it is noted that the 
covariant derivative of g“ is equal to zero, the result is 


gh = (g*ds).5 = M4) = adr*ry + Ore, + cry". 
When in this equation k is replaced by 7, the result is 
Ny = arth; + dA‘; + cur. (14) 
We take analogously to equation (12), the equation 
Big = Coity + furdry + guyr; (15) 


where e, f, and g are constants. 
When equation (13) is differentiated covariantly with respect to 2’ and in the 
resulting equation 


Nii + Muiy = 0 


\‘; and yu, ; are replaced by their expressions from (14) and (15), by means of equa- 
tions (10) and (13), the result is 
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(16) 
When this equation is differentiated covariantly with respect to x’ the result is to 
within the factor 2 the equation 
Mi jh = 0 
which is satisfied by the expression (15) for u;; by means of equations (13) and (16). 
4. When equation (12) is differentiated covariantly with respect te x* and in 
the resulting equation 
Ni je = aXjAi, a x aX id; ; + by iri. 2 if Cuid;, + brimy ze CH jig 
the covariant derivatives of the \’s are replaced by expressions of the type (12), 
the result is 
Nie = 2a? AAA, + Zab AA, + (ab + ac) Aur, + BO? Aum, 
+ Zac AA, + be wAjamy + (be + C7) wpe, + OX wy HC Naty ¢- 


When this expression for \; , and the one obtained from it on interchanging 7 and 

k are substituted in the equation® 
anne h 
Ni jn oe Nik coe \,R ijk 


the result is 


Aye x = (ab — ac)\;Ajex — (ab — ac)AwjAg — C™wirjuy 
+07 py pyry sg Dri( uy x — pies) 2 C(AjMis = Abi, j- (17) 


When the expressions for the covariant derivatives of y’s of the type of equation 
(15) are substituted in this equation, the result is 


heli = (ab — ac + bg — bf + cg)A(Ajme — Ages) 
+ (ce — e*)ui(Ajme — Ages), (18) 
For f = g = O and ab — ac replaced by ab this equation becomes 
Anke = abdi(Ajux — amy) + (C0 — €2)wi(Ajoe — Neds). (19) 
Introduce vector v” for which 
wh, se I. (20) 


When v"d, is inserted as a multiplier of the right-hand member of equation (19), 
the resulting equation is satisfied by 


Roy one v" [abr (ror Sy Nub;) - \ce — e*) (Aj Cai Axs,) J. (21) 


When equation (21) is contracted for A and k, the result is® 
R,; = abv"wprA; — abd; + (ce — e?)ui(Ajv"un — w,)- (22) 


When this equation is multiplied by g” and summed for 7 and 7 in accordance with 
equations (10), (13), and (16) the result is 


R = g"R,, = 0. (23) 


Kinstein stated’ that the law of propagation of light according to general 
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relativity is characterized by the equation 


ds? = g,dz‘dzx’ = 0, 


from which our equation (1) follows. 
The Einstein equation of general relativity for light is? 
dx' dy” 


Ri — 'V/ogyR = —kag re 
9 ds 93 ds 


where k is a constant connected with the Newtonian gravitation constant and o is 
the density of ponderable matter at rest. This equation becomes by means of 
equation (3) 


Ri —  Vegyh = —koddj. (24) 


When this equation is multiplied by g’ and summed for 7 and j, in accordance 


with the equation® 
g"'gij) = 4 
and the fact that A‘ is a null-vector, the result is 
k= 0 
and equation (24) becomes 
Rij = —kodaj. 
We replace equation (22) by the two equations 


R,; = abv'urr 


abd; + (e? — ce)e"pmid; + wm = U. 
When 7 and / are interchanged in this equation, the result is 
aby mui + (e? — ce)v"u pA; + wm = 0 


which holds since equation (22) should be symmetric ini andj. When this equation 
is subtracted from equation (28) the result is 
[ab — (e? — ce)v"up| (Am; — Ami) = O. 
Accordingly we take 
(e7 — ce)u"p, = (29) 
and equation (28) becomes 
aby; + abuar; + wm, = 0. (30) 
When this equation is multiplied by r‘v’ and summed for 7 and j, in accordance with 
equation (20) the result is 


abu; + abu'u, + v'uw’py = 0 
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from which it follows that 


and equation (27) becomes 
Ry = —20°Ad;. (32) 


This equation becomes the Einstein equation (26) for 


2a’ (33) 


which completes the solution. 


| R. G., equation (17.8), p. 50. A reference of this form is to the author’s Riemannian Geometry 
(Princeton University Press, 1949). 

2 R. G., equation (11.2), p. 26. 

+R. G., equation (11.8), p. 28. 

‘ R. G., equation (11.3), p. 27. 

5 R. G., equation (11.14), p. 30. 

6 R. G., equation (8.14), p. 21. 

7 Einstein, A., The Meaning of Relativity (Princeton University Press, 1950), p. 92. 

8 Jbid., equations (96), p. 84, and (102), p. 88. 

® R. G., equation (6.3), p. 15. 


ON TAYLOR’S THEOREM IN SEVERAL VARIABLES* 
By Howarp OsBorN 
UNIVERSITY OF ILLINOIS AND UNIVERSITE DE STRASBOURG 
Communicated by J. L. Doob, May 3, 1960 


If an analytic system of partial differential equations in n independent variables 
x', ..., 2" is in involution in the sense of Cartan at the point P with coordinates 
(0, ..., 0), then for any dependent variable f the values 


((P), (Of/dx")(P), (0?f/dx'd2x’)(P), . 


are uniquely determined by appropriate Cauchy data, and one can apply the 
Cauchy-Kowalewski theorem to prove that the resulting power series in 
v', ... , x” converges in some neighborhood of P; this is essentially the Cartan- 
Kahler theorem. However, it frequently happens that the given system occurs 
naturally in terms of certain vector fields L;, ... , L, other than 0/dz', ... , 0/dx"; 
for example, Ly, , L, may correspond to characteristics. In this case f(P), 
Lif(P), Liljf(P), ... are also uniquely determined as before, and one would like 
to use these values directly to develop f in a power series without recourse to an ad 
hoc coordinate system. 

If the vector fields L;, ... , L, are linearly independent and commute with one 
another, then there exist unique analytically independent functions y', ... , y" ina 
neighborhood of P such that y'(P) = . = y"(P) = 0 and (dy, ... , dy”) is the 
dual of (;, ... , L,); in this case L; = 0/dy', ... , Lx = O/dy” and there is no 


problem. In general the dual of (Lj, , L,) contains differential forms which 
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are not closed, however; in this case the preceding method fails. The purpose of 
this note is to show that in any event there exist unique analytically independent 
functions y', ... , y” in a neighborhood of P such that y'(P) = ... = y"(P) = 0 
and 


1 
f=fP)+ DU LS(P)y' + — pw L,Lif(P)y'y’ + ... 
i @: ij 


for any analytic f in some neighborhood of P. 

We begin by remarking that if 9% represents the n-dimensional analytic manifold 
containing P and if L is any analytic vector field on a neighborhood of P, then for 
sufficiently small \ > 0 there exists a unique analytic homeomorphism ® of the one- 
dimensional manifold [0, 1] with coordinate ¢ into 9M such that #(0) = P and AL = 
(0/dt) on the range of &, where @ is the differential of @. For if any analytically 
independent functions z', ... , x” such that 2'1(P) = ... = 2"(P) = 0 are used as 
coordinates in a neighborhood of P, there exist analytic functions q', ... , q" of 
z',... , a such that L = q(x’, ... , 2*)0/Oz' + ... + g(a, ... , 2*)0/O2". 
Hence if (t) is represented by the coordinates (z'(t), ... , 2"(t)) the preceding 
equations become Agq‘(z!, ... , 2")0/da' = 02'/dt 0/dz‘, so that © is represented by 
the solution of the system of ordinary analytic differential equations 


ds /di = \e'(e',...,8), «oc, OR ES, .. eh 


with 2! (0) =. = 2"(0) = 0. But the Cauchy-Kowalewski theorem for such 
systems guarantees a unique solution in some neighborhood of . .. = 0, hence a unique 
solution for all ¢ e[0,1] for sufficiently small \ > 0. 

The preceding argument implies that for sufficiently small y', ... , y” there exists 
a unique point Q(y', ... , y")em such that Q(y', ... , y") = (1), where y'Z; + 

_ + y"L, = (0/dt) and 6(0) = P. In fact Q(0O, ... , 0) = P, and since the 
solutions of this system of ordinary differential equations depend analytically on 
the parameters y', ... , y", Q is an analytic mapping of some neighborhood of the 
point (0, ... , 0)eR” into some neighborhood of P ¢ OM. 

We shall continue to make use of an arbitrary set of coordinates (x! , ... , x”) 
such that #'(P) = ... = x"(P) = 0 in a neighborhood of P. In particular, if 
L; = qj(z', ... , 2")0/d2", then Q(y', ... , y") has coordinates (2'(y', ... , y"; 1), 

, Oty... fad) where sh"... . aD). = he ee a =D 
and 02'/dt(y', ... , y*; t) = y’a;‘(z"(y', ... 53 os Dy os.0.p ae ce ee 

LemMa 1. For any t ¢{0,1] andi = 1, ... , n we have 


ye /ty' ty, 2 39 P= PRVOB oS PID. FOO m. 
43 


Proof: Observe that the system dw'/ds =ty’q,;'(w', ... , w"), of ordinary differ- 
ential equations with w'(0) =... = w"(0) = 0, is satisfied either by setting 


w'(s) = a°(ty', ... , ty®; 8) 


or by setting 


hence the uniqueness theorem implies 


n 


Cite wc ere 
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Differentiating with respect to ¢ and setting s = | we obtain 


yd2z'/dy?(ty', ..., ty"; 1) = Oz*/dt(y', ... , y*; 
NE se Oe a Os oe ee ee 


Lemma 2. [f the analytic vector fields Ly, ... , L, are linearly independent at P « Mm 
then Q is an analytic homeomorphism of some neighborhood of (0, ... , 0) « R” onto 
some neighborhood of Pe MM. 

Proof: Set t = 0 in Lemma | to obtain y’02'/dy/(0, ... ,0; 1) = y’q‘(O, ... , 0). 
Since (y', ... , y") may lie on any line through (0, ... , 0) this implies that 


dz'/dy? (0, ... , 0; 1) = q;‘(0, ... , 0), 
and since Ly, ... , L, are linearly independent at P, |dz‘/dy’ (0, ... , 0; 1)| # 0 
hence |dz‘/dy(y', ... , y"y 1)| #0 for (y', ... , y") in some neighborhood of 


(0, ... , 0), as desired. 
Lemma 3. y’L; = y’0/Oy’ in a neighborhood of P. 


Proof: Set t = 1 in Lemma | to obtain 


n 


yLy = y’q(z'(y', ... , ys 2"(1 ; 1))0/dz' 
= ydz'/dy)(y', ... , y*; 1)0/dat = yd/dy’. 


Observe that the preceding lemma does not imply that L,; and 0/dy’ are identical 
in any neighborhood of P; this is clearly impossible unless 1), ... , L, commute 
with one another. However, at the point P itself we have 

Lemma 4. Jf f is any analytic function of (y', ... , y") in a neighborhood of 
(0, ... , 0), then 


(vil; + ... + v"Dn)?f(O, ... , 0) = (v'd/dy! + ... + v°0/dy")?f(0, ... , 0) 


for any fixed parameters v', ... , v" and p 2 0. 
Proof: By induction on p one obtains the operator relation 


p—1 
(v'd/Oy! + ... + 0d dy")? | inp = II (y'0/dy' + ... + y"0/dy” — ql) 
q=0 
where / is the identity operator and the parameters v', ... , v” on the left-hand side 
are held fixed until after the product operator has been computed. Since Lemma 3 
implies (y1Z, + ... + y"L,»)(y') = y',i = 1, ... , n, a similar induction yields 


p—l 
| 


(li + ... + o"L,) ey = OF y+... + y*La — qd). 


q=0 


But Lemma 3 also implies that 
p-l p-1l 
Il (ya + ... + y"Ln — ql) = I (y'0/dy! + ... + y"0/dy” — ql), 
q=0 q=0 
hence that 
(v'Ly + * = + v"L,)? | rixyiS(y’, a y") 
= (vld/dy! + ... + 0"d/dy")?| way fy’, -.. ,y”)- 


Since both sides of the latter relation are homogeneous polynomials of degree p in 
y', ... , y", whose coefficients are themselves analytic functions of y', ... , y", the 
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identity theorem for power series expansions implies that the constant terms in the 
coefficients of like powers are equal. This completes the proof since these terms 
are just the coefficients of the corresponding powers of v', ... , v” in 
(vl, + ... + o°L,)'fO, ... , 0), 
and 
(v!0/Oy' + ... + v*d/dy")7f(0, ... , 9), 
respectively. 
By equating the coefficients of like powers of v', ... , »" in Lemma 4 we have 
Lf, ... ,0) = df/ey* ©, -.. , 9), 
(LiL; + L,L)fO, ... , 0) = 207f/dy‘dy’ (0, ... , 0), 


and so forth. Hence we obtain the main result: 

THeorem. I[f ly, ... , L, are n analytic vector fields which are linearly independ- 
ent at the point P of the analytic manifold 9M, then there exists a unique coordinate 
system (y', ... , y") in a neighborhood of P such that 


I . 
f=f(P)+ DL Lif(P)y' + 5, Libs f(P)y'y + ... 


for any analytic function f at P. 

Proof: (emma 2 implies that (y', ... , y") is a coordinate system and Lemma 4 
implies the desired expansion properties. To prove that (y', ... , y”) is unique, 
suppose that (x', ... , 2”) is another coordinate system with the same properties 
and take f' = y'. Then by Lemma 4, L,f'(P) = 6,‘ and all other derivatives vanish 
at P; hence f' possesses the expansion 2‘ in terms of (z', ... ,2"),t7 = 1,..., 7. 
so that 2! = y!,... , x” = y”", as desired. 

We remark that if (L,, ... , L,) is a basis of the left-invariant vector fields of a 
Lie group, then y', ... , y" are the canonical coordinates of the exponential of 
y'l, + ... + y"L,. The preceding theorem reflects a property of this construction 
which is entirely independent of the group structure. 

* This paper was written with the support of National Science Foundation grant NSF-G- 
5649. 


A SINGULARITY IN THE SCHOENFLIES EXTENSION 
By Witu1AM HvuesscH AND Marston Morse 
dis vinta dike Lea niii: eect 
Communicated June 10, 1960 


1. Transformation of the singularity.—Let E be a euclidean n-space, n > 1. 
Let S be an (n — 1)-sphere in E and N be an open neighborhood of S. Let @ be a 
C™-diffeomorphism, m > 0, of N into FE. If = is a topological (n — 1)-sphere in 
E, J> shall denote the open interior of = and J= the closure of JZ. We suppose 
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that @ maps points of N interior (exterior) to S into points interior (exterior) to 
(S). 

The object of this note is to show that Theorem 1.1 implies Theorem 1.2. Theo- 
rem 1.1 is equivalent to Theorem 2.1 of ref. 1. (See also refs. 2-6.) 

THEOREM 1.1. Jf « is a suitably chosen compact subset of J S, which, when m > 0, 
includes a suitably chosen point w, there exists a homeomorphism A, of N uv JS into E 
which is an extension of ¢|(N — x), and which, when m > 0, is, in addition, a C™- 
diffeomorphism into E of (N v JS) — w. 

The mapping A, may be a C”-diffeomorphism into K of N u JS. The point 
w is thus at most a possible singularity of Ag. 

THEOREM 1.2. Corresponding to an arbitrary point z « JS there exists an arbi- 
trarily small open neighborhood R, of S and an extension A,’ of ¢|A, where A = R, v 
(N — JS), such that A,’ is a homeomorphism of N vu JS into E and, when m > 0, 
is, in addition, a C"-diffeomorphism into E of (N vu JS) — z. 

Let R, be any open neighborhood of S such that (2) the closed line segment. join- 
ing z to w does not meet CIR,, and (77) R, ¢ N — x. It follows from (7) and Lemma 
2.1 that there exists a C'°-diffeomorphism 7, of H onto # that leaves R, uv CJS 
pointwise fixed and carries z into w. The composite mapping 


(f. = t,|(N uv JS)) (1.1) 


satisfies Theorem 1.2. 

This affirmation is clear provided only that A,*|A = @/|A. To verify this rela- 
tion note that the set R, u C/S on which 7, reduces to the identity, includes A. 
Hence A,’|A = Ag|A. Moreover A ¢ N — x by virtue of hypothesis (72), so that 
A,|A = @/|A. Hence A,’|A = $/A, and Theorem 1.2 follows from Theorem 1.1. 

2. The existence of r,.—That 7, exists will follow from Lemma 2.1. In this 


ri) 


7] 


lemma use is made of a euclidean space EF,’ of coordinates (t, y1,..., yr) = (by), 
wherer = n — l. 

LemMMA 2.1. Given constants a < b, let a’ and b’ be any two numbers such that a’ < 
a<b <b’ and let e be an arbitrary positive constant. There then exists a C”-diffeo- 
morphism » of EF,” onto itself which maps the point (t, y) = (b, 0) into the point (t, y) = 
(a, 0), leaves each line parallel to the t-axis fixed as a set, and leaves the complement of 
the cylindrical region 


i (t, y) ja’ <t <b’, |ly|| < ef (2.1) 


pointwise fixed. 

Proof of Lemma 2.1. Mappings f and u: Let f be a C*-diffeomorphism of the 
t-axis onto itself such that f(b) = a, and f(t) = tfort S a’ ort > b’. Such a map- 
ping exists. Let u be a C“-mapping of the t-axis into the interval {0, 1| such that 
p(t) = Ofort < 0, and z(t) = lfort > 1. Set |ly|] = p. 

The mapping n: This mapping shall carry an arbitrary point (¢, y) « £,’ into a 
point (t’, y’) in such a fashion that 


t’ = F(t), yi’ = y; 


where for fixed p = 
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Note that for fixed p = |ly||, F,’() > O forall 4. The mapping t > /,(t), for fixed 
p, is a C®-diffeomorphism of the ¢-axis onto itself. Under 7 


Dit’, yi, “g°) y;") 


> 0. 2.4 
Dit, Yay © cne'y Yr) ' 


The mapping 7 is clearly a homeomorphism of F,” onto E,’. It is of class C%, 
and by virtue of (2.4), is also a C°-diffeomorphism. Restricted to the ¢-axis the 
mapping takes the form t — f(t) and so carries (b, 0) into (a, 0), When p > e, 
F(t) = t, as it also does when 0 < p< eandt S a’ ort > b’. 

This completes the proof of Lemma 2.1 and Theorem 1.2 follows. 


! Huebsch, William, and Marston Morse ‘“‘An explicit solution of the Schoenflies extension 
problem,” J. Math. Soc. Japan, 12 (1960). 

2 Morse, Marston, “‘A reduction of the Schoenflies extension problem,’’ Bull. Am. Math. Soc., 
66, 113-115 (1960). 

’ Morse, Marston, ‘‘Differentiable mappings in the Schoenflies theorem,’’ Compositio Mathe- 
matica, 14, 83-151 (1959). 

* Huebsch, William, and Marston Morse ‘‘The dependence of the Schoenflies extension on an 
accessory parameter,’’ J. d’Analyse Mathématique, to be published. 

5 Brown, Morton, “A proof of the generalized Schoenflies theorem,’’ Bull. Am. Math. Soc., 66, 
74-76 (1960). 

® Mazur, Barry, ‘On embeddings of spheres,’’ Bull. Am. Math. Soc., 65, 59-65 (1959). 


ON UNSTABLE HOMOTOPY OF SPHERES AND CLASSICAL GROUPS 
By Hirost Topa* 
DEPARTMENT OF MATHEMATICS, THE UNIVERSITY OF CHICAGO AND UNIVERSITY OF KYOTO 
Communicated by Saunders Mac Lane, May 18, 1960 


Throughout this note, p denotes an odd prime. This note proves non-triviality 
of the p-primary components of mex(p—1)-14:(S') for 7 2 3 and m,(SU(j)) for n 2 
j>ln=k(p-1)+hp>l21. 

For elements aem,(S*), Ber,(S’) and yer,(S%) satisfying a0 B =BOy=0,a 
toric construction 


)a@, B, ¥} €mnai(S’) (a O Tn4i(S") + To41(S*) O Ey) 


was defined in.' The following (A,)—(A,4) are some of the properties! of toric 
constructions. 

(Ai) {ao 8B, y, 8} ¢ {a,BO 7, 6, —Ela, 8, y} ¢ |Ea, EB, Ey}, where E de- 
notes Freudenthal’s suspension homomorphism. 

(As) a © {8, 7, 8 = fa, B, y} O (—Eé). 

(As) 2} tuo, B2a, tees} = 0 if ta = 0, where 1,er,(S") denotes the class of the 
identity of S”. 

(A,) Let Y = S* u e’*! be a cell complex and let a be the attaching class of the 
cell e’+'. Let f:S"+! + Y be a mapping of degree ¢ in dimension r+ 1. Assume 
that i, O y = 0 for yer,(S"), then fx(Hy) etx} a, t,, y} for the injection homomor- 
phism t : tn4i0S°) > mil VY). 
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Consider the mod p Hopf invariant? H,:2,(S*) — Z,. This is an isomorphism 
of the p-primary components. 

LemMa 1. Let p be an odd prime. There exists a sequence | a,(3);k = 1,2,... } 
of elements c,(3) €t2x(p-1)42(S8*) satisfying H,(a:(3)) = 1 (mod. p), pa;,(3) = 0 and 
a41(3) e| a(3), Diop, H??-8 a,(3)} fork 2 1. 

Proof: Obviously a;(3) exists. Assume that a;(3) exists. Consider an element 
BY-tz of E?—} nis, E*a,(3), Prox(p-1)+4} Cc — | Durp, EH ~%q,(3), Ple(n+1)(p—0)41} - 
By (A;), 2E”—x = pk*—y for some y. Since pa;(3) = 0, ai(3) O (p + 1) E??—*x 

= a(3) O (p(p + 1)/2)E”—y = 0. By (Az), p} ar(3), perp, E?—8q,(3)} = a(3) O 
(—{ pi», E”-*a,(3), Pee+@~v41}) contains a;(3) O H*”->x= 0. Thus there 
exists an ay41(3) such that pa,4i(3) = 0. Then Lemma | is proved by induction 
onk. q.e.d. 

We fix a sequence a,(3) and write a,(t) = E'~*a,(3)emxp—y-u4i(S'), t 2 3. 
The stable element lim a,(7z) coincides with the element a, of.! 

Denote by M, the complex projective space of complex n dimension, and by 
W*M, the k-fold iterated suspension of M,(4*M, = S*+*). EM, is canonically 
embedded? in SU(n + 1). There exist cellular mappings! ¢: 4°, ~ EM,,4, such 
that the degree of ¢ : Hois:(2°M,) > Hois(BMy4:) istforl<isn+1. Denote 
by E*¢: E°+*M, — E'+*M,,, the k-fold iterated suspension of ¢ and write 

f=f0 FO... oO E*-:EY+'M, + EM, (% =.identity). 
The degree of ¢«":Heiys(E*+'M,) > Hoiii(EM,,,) is i!/(i — k)! fork < i s 
n+k. 


Consider the following homomorphisms of exact sequences: 


Ton41( EM ») co Ton4i( EM», EM,,. 1) aie Ton( EM, 1) 


| to Sf | ton } ton 


Ton4i(SU(n + 1)) js Tonsi(SU(n on 1), SU(n)) > To,(SU(n)) => 
To,(SU(n +~ 1)) == @), 


An orientation of EM, — EM,_, = e®"*' gives a generator &, Of tenia(EM,, 
EM,1) ~ Z such that jx’{¢7-"|S+1} = nis,. jx{¢"-1|S2"+1! generates an 
infinite cyclic group men4i(SU(n + 1)). Then it follows from the above diagram 
that m2,(SU(n)) = | OtonEn} ~ Zn, and m,(EM,_;) has a direct factor 1OEn} = Zar. 

LEMMA 2. The sum (¢?-! | S??+1) 4 04 (2p + 1) + teax4:(3) vanishes under homo- 
morphism gx induced by any mapping g of EM,_; into any H-space G, where 7 is the 
injection: S* ¢ EM,-4. In particular the sum vanishes under tox : t2n(EM,.1) > 
ton(SU(p)) and under the suspension FE: mon(EM 1) > mon41(E?My1),n = (k + 1) 
(p — 1) +1. 

Proof: Let T = Sv...vS®-'. ¢/-1|8%+1 for j = 1,2,..., p — | defines a 
mapping £’:7' — EM,_, which induces mod p isomorphisms of homology and 
homotopy. Since the order of —(p — 1)!08, is p and since 7» : 2,(S*) —> m2,(T) 
is a mod p isomorphism (cf.*), —(p — 1)!0&, = ix(x a;(3)) for some integer x. At- 
taching a (2p + 1)-cell by xa;(3), we have a complex Y = S* VU e+! and set L = 
Y u T. Then?’ can be extended to &: L — EM, such that the mapping degree in 
(2p + 1)-cells is —(p — 1)!. From the definition of H,, we may compute that 
H,(xa;(3)) = 1 and thus ra,(3) = a;(3). Since induces mod p isomorphisms £ of 


homology and homotopy, there exist an integer r = 1 (mod p) and an element 





1104 MATHEMATICS: H. TODA Proc. N. A. S. 


Bemy41(L) such that —r} ¢?- \S77+1! = £,8. Let K be the product Y K S®X...X 
S??—1 then we have a split extension 0 > m2p40(K, L) S% mop4i(L) > mep41(K) > 0 and 
a decomposition 8 = t1«Pix8 + teaBe +... + tp-1*Bp-1 — Oy for the injections 2;: Y ¢ 
L, i;:S¥%+! ¢ L, the projection p;:L — Y and for some Byemep41(S”*") and yerop42 
(K,L). For 2 S j S p — 1, the p-component of 72,4:(S7*') vanishes, hence 
8B; O a(2p + 1) = 0. Then —(%?-!|S”+),a,(2p + 1) = —r| g?-1| S274} O 
ax(2p + 1) = Extix(pixB O ax(2p + 1)) — EeOy’, where y’ = yOo~'a,(2p + 1) for 
Oo: wig (E+?, S24!) * 2,(S+!), Apply (A,) for pix8, where s = 3, r = 2p, 
and t = rp. Then pis8 O a,(2p + 1) etx} an(3), Poy, a,(2p)} = tx} rar(3), Prop, 
a,(2p)} = tx} a(3), Pt, a,(2p)} = tyay1(3) + txar(3) O mous (ps2 (S741) + 
ix Topi1(S*) © a,(2p + 1) = ixaysi(3) + {0}. Since &|S* is the injection, we have 
(C?-!|S7+!),a,(2p + 1) + txa,x(3) = & Ov’ for the injection 7:S* c EHM,-1. 
Consider g 0 £:L-—>G. By the multiplication in G, g O ¢ defines a mapping g:K —> 
G such that g|L is homotopic to g O & From the commutativity of the diagram 
m—izi(K, L) > x,(L) 


1 Z« 1 gE« 
0 = riuilG, G) > r(G) 


it follows that gx(&*0v’) = 0. q.e.d. 
Consider the following commutative diagram for m 2 n > 1. 


Tonri(EM,, EM,-1) perl Ton( EM ,-1) 4 Ton(S*) 
{ Fam n { 2m n 1 E2"—*) 


19 ‘ 19 ‘ ra) 1 on + be 
(B) T(E tM, Bt) el Me) oS ee 


| t.™ n | r* n it," —n 


\ T2m4 1 EM », E: = 1) aie Tom ( EM,, 1) oe Tom( EM m—n+1)- 


Then ¢%”" "“E2"-"&, = (m!/n!) &, and this implies ¢."~"E?"~-"0&, = (m!/n!) 
OEm- 

LemMa 3. Let n = k(p — 1) + 1. Then the sum ixa;,(3) + (—1)*(n!/p)o&, 
vanishes under the suspension E and under tjx : ton( EM y-1) > ton(SU(n)). 

Proof: We can see the equality 7a:(3) = —(p — 1)0&, in the proof of Lemma 2. 
Assume that the lemma is true for some k. Let m = (k + 1)(p — 1) + 1 and con- 
sider (B). Then by Lemma 2, (—1)**+!(m!/p)0&, = (—1)**! (4? “1H”? -*(n!/p)o&, 
= Ce? TR? -2y ay(3) = —tete’aggi(3) + 7 for i’:S*? ¢ EM, and yeH-(0) 
iox '(0). Then the lemma is proved by induction on k.  q.e.d. 

TuHeoreM 1. Let p be an odd prime. Let m = k(p — 1) + l for some integers 
k 2landp>l2i1. Thenthe p-primary component of t2(SU(j)) ts not zero for 
m2j>lL. In fact, ixt«'~'a,(2l + 1) is of order p for the injection homomorphism 
bx 2 om( SM ,) > tom(SU(j)). 

Proof: Letn = k(p — 1) + land m = k(p — 1) + Lin (B). It follows easily 
from Lemma 3 that 7x¢«'~'a,(2l + 1) = (—1)**"(m!/p)dtox&,, and this is of order p. 
q.e.d. 

By use of the injections Sp(n) ¢ SU(2n) and SU(n) ¢ SO(2n) and by use of an 
isomorphism m4n42(SU(2n + 1)) — mingo(SO(4n + 2)) of p-primary components*® 
we have 

Corotuary. Letn = k(p — 1)/2 +l fork 2 land (p—1)/2>120. Then 
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the p-primary component of tn42(Sp(j)) ts not zero forn 27> 1. The p-primary 
component of t4n42(SO(j")) is not zero for 4n + 2 2 j’ 2 Al 4. 

THeEoreM 2. Let p be an odd prime and letk 2 1 andi 2 3. Then the p-primary 
component of moe p—1)-14:(S') is not zero. In fact, a,(2) ts of order p. 

Proof: Obviously pa,(7) = 0. Let n = k(p — 1) + 1 and let m be an integer 
such that 2m — 2n 2i— 3. Then it follows from (B) and Lemma 3 that i*¢%”"~" 
a;,(2m — 2n + 3) = (—1)**!(m!/p) 06, #0. Thus a,(i) #0. q.e.d. 

We say that an element aem,(S*) is decomposable if a is the sum of some composi- 
tions 8; O y; of Byex,(S*) and yier,(S’) forg >r>s. If a is decomposable, then 
so is Ba. 

Proof: Consider (B) of n = k(p — 1) + land 2m — 2n >s — 3. Assume that 
a,(s) is decomposable: a;(s) = 28; O y:. Then 0 # (—1)*+!(m!/p)Oton&En = 
lonlate —"a,(2m — 2n + 3) = T(toxiatx™—"E' B;) O E'y:,t = 2m — 2n — (s—3) > 0. 
Since E’B, belongs to a finite group E’1,(S*), 2n — 3 +s >r> 8 and since 2,4; 
(SU(m)) ~ Z or 0 for 2m > r + ft, then ioxtets”—"E’ 8; = O and thus (m!/p) 
OtoxSm = 0. But this is a contradiction. Thus a,(s) is not decomposable.  q.e.d. 


THEOREM 3. «;(s),8 2 3, is not decomposable. 
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Scientific Research of the Air Research and Development Command. 
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A VIRUS IN CHICK EMBRYOS WHICH INDUCES RESISTANCE IN 
VITRO TO INFECTION WITH ROUS SARCOMA VIRUS* 


By Harry Rustin 
DEPARTMENT OF VIROLOGY AND VIRUS LABORATORY, UNIVERSITY OF CALIFORNIA AT BERKELEY 
Communicated by Robley C. Williams, June 13, 1960 


When chick embryo cells are infected in vitro with Rous sarcoma virus (RSV) 
under the appropriate conditions they grow into foci of Rous sarcoma cells. The 
enumeration of these foci serves as an accurate assay for the infectious titer of a 
RSV preparation. In occasional sets of chick embryo cultures, however, the effi- 
ciency of infection with a standard RSV stock is reduced by a factor 50 or more 
Once established, the resistance of such cultures to RSV infection is maintained 
indefinitely under all physiological conditions tested. 

This state of cellular resistance, in which multiplication of RSV is prevented, 
is distinct from those physiological effects which merely suppress characteristic 
morphologic alterations in cells supporting multiplication of RSV.' The present 


paper describes the detection of resistant cultures and the characterization of the 
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agent responsible for inducing resistance. A quantitative description of the re- 
sistance phenomenon itself will be described in detail in another paper. 

Materials and Methods.—Source of chick embryos: Embryos were obtained 
from the Kimber Farms Hatchery in Niles, California. Two hybrid strains 
of white leghorn chickens were used as the source for all the work described 
here, although additional confirmatory work has been carried out in two other 
strains. The 813 strain was used in routine assay work. Strain 13, a cross with a 
high incidence of lymphomatosis, was found to have a relatively high frequency 
of RSV-resistant embryos, and was the chief source strain in the investigations of 
resistance. 

Primary chick embryo cultures: Fresh fertile eggs were delivered weekly and set 
biweekly. The incubated embryos were used to prepare cultures 10 days later. 
About 10 embryos on the average were pooled, the cells were suspended by trypsin 
treatment, and primary cultures prepared according to a procedure described in 
detail previously.” 

For certain experiments it was necessary to prepare cultures from individual 
embryos. The procedure was similar to that employed for pooled embryos, except 
that smaller volumes of fluid were used. When pooled cultures were to be made 
from the cells of embryos which had been separately prepared for culture, each 
embryo contributed an equal number of cells to the total. 

Secondary cultures and virus assay: The procedure for preparing secondary 
and tertiary cultures for use in the RSV assay was similar to that described before? 
with the following exceptions. In most of the work to be described, 10°® cells 
were seeded in 5 ml of complete medium on a 50 mm petri dish. Infection of the 
cultures was made by adding 0.1 ml of virus stock to the cell suspension, and leaving 
it overnight while the cells settled and spread on the glass. The liquid medium 
was then removed and agar medium added. Rous sarcoma foci were counted 6 
days later. Complete medium for secondary cultures was composed of the 
following ingredients in the indicated proportions. Mixture 199 salt and nutrient 
solution—81; tryptose phosphate broth— 10; calf serum—5; chicken serum—2; 2.8 
per cent NaH CO;—2. This was modified in primary cultures by doubling the 
concentration of calf serum and making a compensatory decrease in the volume of 
199. 

The modified procedure had several advantages. The seeding of 10° cells rather 
than the 3 to 5 X 10° previously used resulted in cultures which were able to grow 
quickly into a confluent sheet more consistently. The addition of virus to cells 
which had not yet attached to the glass made it possible to obtain large foci with 
the higher cell concentration. If the addition of virus was delayed until the day 
following the seeding of 10° cells, the foci were smaller, and sometimes barely visible. 
The overnight incubation of virus with suspended cells permitted more complete 
adsorption than the 40 min adsorption period used in the earlier work. Since there 
is no significant virus production in the first day after infection, there was no danger 
of encountering secondary foci from virus released from infected cells during over- 
night incubation in fluid medium. The revised procedure was also found to be of 
greater convenience than the original procedure since secondary cultures did not 
have to be prepared until immediately before use; their preparation and use, there- 
fore, became in effect, a single operation. 
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Standard RSV stock: A stock was prepared from Bryan’s high-titered RSV.? 
It was kept frozen at —60°C in tubes containing 1.0 ml and was assayed daily to 
provide a routine measure of sensitivity to RSV infection of cultures used in all 
experiments. The stock usually titered between 4 and 10 X 10° focus forming 
units (FFU) per ml in the revised assay procedure. 

Antiserum to RSV: Antiserum was obtained from chickens which had recovered 
from tumors induced with 10 to 100 FFU of RSV stock. After regression of 
tumors, the chickens were hyperimmunized by inoculation with 10,000 FU of 
RSV stock, and bled 3 weeks later. 

Removal of agar medium. In some experiments it was necessary to assay the 
materials released by chick embryo cells. Since the cell sheets tended to peel 
off the glass in a few days, it frequently was necessary to maintain cultures under 
agar. To remove the agar, 3.0 ml of 199 was added for 2 to 3 hr. The softened 
agar was then ejected into a beaker by a quick, jarring movement of the petri 
dish. The agar and fluid were mixed by pipetting, and centrifuged at 1,500 RPM 
for 2 to 3 min. The supernatant fluid was used as the source of the material re- 
leased by the cells. 

Results.—The occurrence of resistant cultures: Despite the fact that the eggs 
used for chick embryo cell cultures were obtained from a single source, there was a 
discontinuous variation in the sensitivity of the biweekly groups to infection with 
a standard RSV stock. The virus assays fell into two classes. Most of the assays 
of the stock virus preparation gave titers between 4 and 10 & 10° FFU per ml of 
stock virus. From time to time, however, the virus titer dropped to 10° FFU 
per ml or less. Once this resistance to RSV infection was encountered in a group 
of secondary cultures, all subsequent transfers from that group remained resistant 
to RSV infection. Cultures which were highly resistant to RSV infection were 
fully sensitive to infection with Newcastle disease virus. 

An investigation was undertaken of the nature of the resistance to RSV infec- 
tion. Initial studies were concerned with the effect of physiological changes on 
the sensitivity of chick cells to RSV. Variations in pH, temperature, cell concen- 
tration, constituents of the medium and exposure to light failed to induce stable 
resistance to RSV in chick embryo cultures, although transient effects on the 
morphological expression of foci were observed, similar to those described pre- 
viously.! 

It was noted that chick embryo pools which proved to be resistant to RSV as 
secondary cultures, were fully sensitive if challenged with RSV immediately after 
the cells had been explanted from the embryo. It was therefore evident that the 
resistance of the pooled secondary cultures had its onset during the 3 to 4 days of 
incubation which intervened between the preparation of the primary and secondary 
cultures. This suggested that the resistance might be conferred on the pooled 
culture as a whole by the cells from one or more of the constituent embryos. To 
determine whether this was so, separate primary cultures were prepared from 
individual embryos. Aliquots of cells from the individual embryos were also 
pooled in various combinations with cells from other individuals. Some of the 
cultures were immediately infected with RSV, and the remainder transferred to 
make secondary cultures at 3 or 4 days. Some of the secondary cultures were in- 
fected with RSV and the others transferred again at 3 or 4 days. By repeating 
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this procedure the sensitivity of the individual embryo cultures could be deter- 
mined for an unlimited number of successive transfers. It was also possible to de- 
termine whether there was a correlation between the occurrence of resistance in an 
individual embryo culture and its occurrence in pooled cultures containing cells from 
that embryo. 

The results of three such experiments are summarized in Tables 1, 2, and 3 which 
illustrate various features of the resistance phenomenon. Each table is divided 
into a section for individual embryo cultures and a section for pooled embryo cul- 
tures. Those individual embryos which remained sensitive to RSV infection during 
the course of an equal number of successive transfers are grouped together. Cul- 
tures which fell in the usual range of high sensitivity to infection with RSV are 
assigned a relative sensitivity value of 1. An average was calculated of the RSV 
titers from all the sensitive cultures of a given passage, and this was used as the 
baseline for assigning relative sensitivity values to the resistant cultures of that 
passage. Those cultures which gave an RSV titration one-tenth or less than that 
of the sensitive cultures were considered resistant, and their relative sensitivity 
values are italicized. 


TABLE 1 
THE RELATIVE SENsITIVITY TO RS. INFECTION OF CULTURES DERIVED FROM INDIVIDUAL 
EMBRYOS AND CORRESPONDING M1IxEpD PooLs 
Total no. 
Individual embryos Passage number 
embryo, no. in class 1 2 3 i 
2 1 <0.01*(+) 0.01(+) <0.01 <0.01 <0.02 <0.02 <0.01 
10 1 <0.001(+) <0.001(+) ; 
16 | 1(—) 1(—) l 1 
19 1 I(—) I(—) l 
20 1(—) 1(—) l 


5 6 ‘ 


1( I(—) 


containing 

embryos, 

no. 

2-5 I(+) <0.001(+) <0.01 

9-12 1(+) <0.001(+) <0.01 

13-16 I(—) I(—) I 

17-21 t l(—) l(—) | 

1-10 I(+) <0.001(+) <0.01 
I I(—) I(—) l 

1 1(+) <0.001(+) <0.01 


I 
11-21 l 
1-21 2 


* = Relative sensitivity to RSV infection. 

4. Six primary cultures were made from each individual embryo and constituted passage number 1. The re- 
maining cells from each embryo were mixed with equal numbers ot cells from other embryos in various combina- 
tions to make pooled cultures. Two cultures were challenged immediately with a 1:20 dilution of RSV stock and 
2 with 1:1000 dilution. The remaining 2 cultures were subdivided into 6 cultures at 4 days; 4 of the cultures were 
in turn challenged with RSV and 2 kept forfurther transfer. This operation was repeated every 3 to 4 days to deter- 
mine the sensitivity to RSV infection. The italicized values indicate resistant cultures. 

E The medium was harvested from the unchallenged cultures of passages 1 and 2 and frozen. At a later time, 
it was tested for the presence of a resistance inducing factor (RIF) by adding 0.1 ml to the medium of sensitive 
cultures, transferring the cultures twice at intervals of 3 to 4 days and challenging with RSV atter the second transfer. 
Cultures containing RIF are designated (+); those containing no RIF are designated (—). 


Some cardinal features of the resistance phenomenon are illustrated in Table 1. 
In the primary cultures, 2 of the 21 individual embryos were found to be resistant 


to infection with RSV immediately after explantation. The pooled cultures which 
contained cells from these individual embryos were sensitive to RSV infection 
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immediately after the pool was composed, but became resistant when challenged 
at the first transfer. Once a culture had become resistant it remained resistant 
through all subsequent transfers. The degree of resistance varied somewhat but 
in each case reached .a level at least 50 times that of the average sensitive culture. 

Of the individual embryo cultures listed in Table 1 which were initially sensitive 
to RSV infection, two became resistant in the 6th or 7th passage. A similar occur- 
rence is illustrated in Table 2, where cultures from embryo no. 5 and from the pool 
containing embryos no. 13-16 became resistant in the 6th passage. The pool 
which contained embryo no. 5 did not become resistant during the course of the 
experiment. 


TABLE 2 


Tue RELATIVE SENSITIVITY TO RSV INFECTION OF CULTURES DERIVED FROM INDIVIDUAL EMBRYOS 
AND CORRESPONDING MrxEp PooLs 


Total no. 

Individual embryos 

embryos, no. in class 

5 1 1 | 

2, 9 11,.14,. 17 5 l 

8, 20 ; y ] 
1, 3, 4, 6, 7, 10, 12, 13,) 

15, 16, 18, 19, 21, 22) 14 


Pool containing embryos, no. 


Passage number 
7 4 


l 
l 
<0.001 


Nm 


to 


P 
2 
4 
2 


I 
i( 


2 


* Relative sensitivity to RSV infection. 
See legend (A) in Table 1 for procedure. 


Some individual embryo cultures which were initially sensitive to RSV infec- 
tion became resistant after only one or two transfers and the corresponding 
pool became resistant at the same time. This is illustrated in Table 3 where indi- 
vidual and pooled cultures containing cells from embryo no. 2 became resistant in 
the 3rd passage. All the situations described above have been encountered re- 


TABLE 3 
THE RELATIVE SENSITIVITY TO RSV INFECTION OF CULTURES DERIVED FROM INDIVIDUAL 
EMBRYOS AND CORRESPONDING MIxED PooLs 
Total 
Individual no. embryos Passage number 
embryo, no. in class 1 2 
7 0.02* 0.01 
20 l if 
1-6 
8-19 ! 
Pool containing embryos, no. 


1—4 . l 

5-8 

9-12 l 

13-16 1 

17-20 , it 
* Relative sensitivity to RSV infection. 
+ delays in appearance of foci and in the acidification of medium in heavily infected cultures. 
See legend (A) in Table 1 for procedure. 
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peatedly. Thus, the resistance phenomenon can be divided into three categories 
with respect to time of onset of resistance in individual and pooled embryo cultures. 
There are individual embryos which (a) are resistant immediately after explana- 
tion, (b) become resistant at the 2nd or 3rd passage, (c) become resistant only 
after 6 or 7 passages. The respective pools containing these individuals (a) be- 
come resistant only in the 2nd passage, (b) become resistant at the same time as 
their constituent individuals, (c) do not become resistant at the same time as their 
constituent individuals. Whether the pools of category (c) would have become 
resistant if cultivation had continued is unknown. 

Demonstration of a Resistance-Inducing Factor (RIF) in the Medium of Resistant 
Cultures.—The observation that cells of a single resistant embryo could confer 
resistance on a pool containing a large majority of cells from sensitive embryos 
could not be explained by selective growth of the resistant cells since all cultures 
regardless of source were found to grow at the same rate. The possibility that the 
resistance of the pool could result from a physiological change in the medium con- 
ditioned by the presence of cells from a resistant individual was ruled out by 
experiments which showed that even the isolated clones derived from such pools 
retained their resistance. Therefore, it seemed likely that the resistance spread 
from the resistant cells to the sensitive cells. 

The most direct means of spread was through the medium, and an attempt was 
made to detect the responsible agent. In a typical experiment, medium was re- 
moved from both resistant and sensitive individual embryo cultures. The medium 
was centrifuged to remove cell debris and 0.1 ml added to sensitive cultures. The 
cultures were transferred twice at intervals of 3 or 4 days, and challenged with 
RSV after the second transfer. The results of a typical experiment are presented 
in Table 4 where it is shown that the medium of resistant cultures did indeed con- 
tain a factor which induced resistance to RSV in cultures previously sensitive to 
RSV. This factor will be referred to as RIF, which is the abbreviation of resistance 
inducing factor. A stock of RIF was made by harvesting the medium from a 
highly resistant culture at daily intervals. The stock was stored at a temperature 
of —60°C. 

TABLE 4 


THE PRESENCE OF A ResISTANCE-INDUCING Factor (RIF) In 
THE MeEpiuM OF REsISTANCE CULTURES 


Medium obtained Dilution of 
from challenge RSV No. of foci Relative sensitivity 


Resistant culture 1:25 99 , 84 0.0036 
Sensitive culture 1: 1000 473 , 562 eo 

Medium was removed from RSV-resistant and RSV-sensitive primary cultures and 0:2 ml 
of each medium was added to the medium of 2 freshly-seeded sensitive secondary cultures. 


The secondary cultures were transferred at 4 days and transferred again 3 days later to make 
4 cultures. Two cultures were challenged with each of the indicated dilutions of RSV. 


To determine whether RIF was invariably associated with the medium of re- 
sistant cultures, the medium obtained from the first and second passage of each 
culture of the experiment in Table 1 was tested for its ability to induce resistance 
in sensitive cultures. The sensitive test cultures were challenged with RSV at 
the second transfer after their presumptive exposure to RIF, and those which had a 
20-fold or greater reduction in RSV titer were considered resistant. The results 
are presented in Table 1. Cultures whose media induced resistance (i.e., con- 
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tained RIF) are designated (+) and those whose media failed to induce resistance 
are designated (—). It is apparent that the medium of all resistant cultures con- 
tained RIF. The pooled primary cultures, which were themselves sensitive to 
RSV, but which were to become resistant in the succeeding transfer also released 
RIF into the medium. Unquestionably the presence of RIF in the medium of the 
pooled cultures was due to the presence of cells from a resistant individual, and the 
spreading infection accounted for the resistance displayed in the subsequent passage. 
None of the cultures which remained sensitive to RSV through the early passages 
released detectable amounts of RIF. The results, therefore, show a_ perfect 
correlation between the presence of RIF and the onset of resistance to RSV infec- 
tion. 

The assay of RIF: In order to carry out quantitative work with RIF it was 
necessary to establish an assay procedure. Serial dilutions of media containing 
RIF were made, and each dilution added to several sensitive cultures. The cul- 
tures were transferred and challenged with RSV at various times after addition of 
RIF. The results of this experiment are presented in Table 5. It can be seen that 


TABLE 5 
SPEED oF ONSET OF RESISTANCE TO RSV 1n CuLtTuREs INFECTED wiITH RIF 
(Days AFTER RIF INFEcTION) 

RIF dilution ist passage 2nd passage 3rd passage — 

factor 0 days 2days 5days 8 days 5 + 3 days 5 + 6 days 5 + 6+ 4 days 
10° \? 0.5 0.05 0.02 0.004 0.008 <0.001 
10! l 0.5 0.1 0.03 0.008 0.008 <0.001 
10? 0.07 0.004 0.001 <0.001 
108 0.03 0.004 <0.001 


I ] 
l l l 

104 ] l 1 1 0.04 <0.001 
l I 1 


105 1 1 <0.001 


Control 

(no RIF) 1 | 1 

* Relative sensitivity to RSV infection. 

Separate groups of 20 secondary chick embryo cultures were infected with 0.1 ml of each of 5 10-fold dilu- 
tions of RIF. he group was ye Rte only to the regular medium. Four cultures in each group were chal- 
lenged with RSV on the indicated days. On the 5th day, 4 of the unchallenged cultures in each group were 
transferred to make 10 cultures, of which 4 were exposed to RSV challenge on the 8th (5 + 3) and Lith (5 + 
6) days of the expatinent The 2 remaining cultures were transferred again on the 11th day and challenged 
with RSV 4 days later (5 + 6 + 4). 


a mild resistance first became demonstrable at 2 days in those cultures exposed to 
undiluted RIF and to a 1:10 dilution of RIF. The resistance became stronger in 
the next few days and was strikingly apparent at dilutions as high as 10~* after 
a second transfer of the treated cultures. A third transfer elicited resistance at the 
highest dilution tested. 

Figure 1 illustrates a more detailed assay of the resistance to RSV induced by 
a RIF preparation as a function of the number of transfers after exposure to RIF. 
Twofold dilutions of RIF were used to infect sensitive cultures, and the cultures 
were transferred at intervals of 3 to 6 days. At each transfer, an aliquot of cells 
at each RIF dilution was set aside for challenge with RSV. It can be seen that 
there is about a 100-fold increase between the first and second passage in the dilu- 
tion of RIF which induces resistance; about a 30-fold increase between the second 
and third passage; and a further 20-fold increase between the third and fourth 
passage. Further transfer failed to reveal the onset of resistance at higher dilu- 
tions. Therefore, a stable endpoint was reached at a dilution of 1:130,000. Since 
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Dilution Factor of RIF 


Fic. 1.—A series of twofold dilutions of RIF stock were made in M199 and 
0.1 ml. of each dilution added to 2 chick embryo cultures. At 3- to 4-day 
intervals these were subdivided into 6 cultures, 4 of which were challenged 
with RSV and 2 of which were used for further transfer. The passage number 
at which the cultures were challenged with RSV are indicated on the graph. 
At the 6th passage, the media of the 9 highest dilutions of RIF, and of the 
control, were tested for the presence of RIF (see text for results of RIF 
test of medium). 


0.1 ml was the volume of the initial inoculum, the titer of RIF in the stock prepara- 
tion was approximately 1.3 X 10° infectious units per ml. 

At the 6th passage, the agar medium was removed from cultures which had been 
infected with the 9 highest RIF dilutions, as well as from the control cultures. A 
fluid extract of the agar medium was added to the medium of fresh sensitive cul- 
tures. The cultures were transferred twice and challenged with RSV to determine 
whether RIF had been present in the extract of the agar medium. It was found 
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that all the resistant cultures (those which had been infected with dilution factors 
of up to 1.3 X 10° of the RIF stock) released RIF into the medium, as indicated 
by the fact that medium obtained from these cultures induced resistance in sensi- 
tive cultures after the second transfer. None of the sensitive cultures released 
RIF. This again demonstrated the association between resistant cultures and the 
presence of RIF. 

The results of this experiment also provided unequivocal evidence for the multi- 
plication of RIF. This conclusion is best exemplified by considering the cultures 
initially infected with the 1.3 X 10° dilution factor of RIF stock. Resistance was 
not manifest in these cultures until the 4th passage. The medium removed from 
the 6th passage, however, was able to induce resistance within 2 passages. The 
highest dilution factor of the original stock able to induce a high level of resistance 
by the 2nd passage was 3.2 X 10'. Therefore, there had been an increase in 
potency over the initial inoculum of at least 4,000-fold. In addition to this factor 
it is necessary to include in the calculated degree of multiplication of RIF, the 
subdivision of each culture into three at each transfer, resulting in a dilution factor 
of the cells of about 700 in the 6 transfers, and the initial dilution factor of 50 
when 0.1 ml of inoculum was added to 5.0 ml of medium. Therefore, the agent 
must have multiplied by a factor of over 10° in 6 passages. 

The nature of RIF: The ability of RIF to infect, multiply in, and be released from 
chick embryo cells suggested that it was a virus. Among the common viruses of 
chickens, perhaps the most ubiquitous is the agent of lymphomatosis. Suspicion 
of a relationship to RIF focused on lymphomatosis not only because of the wide 
distribution of the latter in nature, but also because it is known to be transmitted 
in ovo without harmful effect to the embryo.* Since lymphomatosis virus is im- 
munologically related to RSV‘ an experiment was carried out to determine whether 
RIF could be neutralized by antiserum to RSV. In an accompanying experiment, 
the effectiveness of the antiserum against its homologous antigen, RSV, was 
evaluated. 

TABLE 6 
NEUTRALIZATION OF RIF anp RSV By ANTISERUM TO RSV 
Test for ely ea Activity Test for Po eater . 


RIF dilution Serum RSV titer after challenge Serum Ss 
‘actor dilution x 10% dilution titer XK 10-* 


10° 1:50 2.0 1:200 0.012 
1:200 .62 1:400 0.035 
1:800 04 1:800 0.043 
1: 1600 04 1:1600 0.068 
no serum 03 1:3200 0.33 
1:50 4.0 no serum 3.25 
1:200 , 
1:800 
1: 1600 
no serum 

No RIF 1:50 

No RIF no serum 


Mixtures were made of RIF and antiserum to RSV at 
the appropriate dilutions. The mixtures were incubated 
40 min, at 37° and 0.1 ml added to chick embryo 
cultures. These were transferred twice at intervals of 3 
and 5 days and challenged with RSV after the second 
transfer. RSV titers less than 0.7 X 10° indicate the 
presence of large amounts of unneutralized RIF in the 
original preparation. Titers of 2.5 X 10° or higher are 
taken to indicate full RIF activity. 


Nine-tenths ml of each serum 
dilution was added to 0.1 ml of 
undiluted RSV stock. The mix- 
tures were incubated 40 min at 
37°, appropriate dilutions were 
made, and 0.1 ml added to chick 
embryo cultures. The number 
of Rous sarcoma foci was re- 
corded at 7 days. 
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The experimental procedures and the results of this experiment are presented in 
Table 6. Dilutions of antiserum as high as 1: 1600 reduced the infectivity of RSV 
by a factor of 50 or greater and even the 1:3200 dilution reduced the RSV titer 
by a factor of 10. Dilutions of the antiserum up to 1:800 neutralized the 1:10 di- 
lution of RIF to some extent as indicated by the loss of its capacity to interfere 
with infection by RSV. The 1:800 serum dilution had no measurable effect on the 
activity of the undiluted RIF. A 1:200 dilution of the antiserum reduced the 
interfering capacity of an undiluted suspension of RIF to the level of a 1:10 dilu- 
tion of the same RIF stock, showing that even at this relatively high serum con- 
centration approximately 10 per cent of the RIF population escaped neutrali- 
zation. These results indicate an immunological relationship exists between RIF 
and RSV, but also suggest that the agents can be distinguished immunologically. 
The immunological relationship between RIF and RSV has been recently confirmed 
by the demonstration that antisera obtained from chickens immunized with RIF 
neutralized RSV. 

An experiment was carried out to determine whether RIF could be sedimented 
in gravitational fields adequate to sediment RSV. A stock of RIF was clarified 
by low speed centrifugation and then centrifuged in a field which varied from a 
minimum of about 50,000 X g at the top of the centrifuge tube to about 110,000 X 
g at the bottom. Both the resuspended pellet and supernatant fluid, as well as 
the original stock were tested for resistance inducing activity. 

The results in Table 7 show that less than one per cent of the initial activity re- 
mained in the supernatant fluid, while the pellet showed a high degree of activity. 


TABLE 7 
ULTRACENTRIFUGATION OF RIF 
Dilution factor RSV Titer X 10-6 
of sample Original Pellet Supernate 
10° 0.03* 0.08 0.08 
10! 0.02 0.08 1.5 
10? 0.02 0.10 5.6 
108 0.78 2:2 6.3 
104 2.6 : 4.8 7.0 
*Titer of RSV on culture determined at the 2nd passage after introduction of 
RIF. 
Titer of RSV on control preparation unexposed to RIF = 4.7 X 10°: 
Italics = Highly resistant culture 
Boldface = Partly resistant culture 
Thirty ml of RIF stock was centrifuged in the #30 rotor of the Model E 
preparative Spinco ultracentrifuge at 30,000 RPM for 30 min. All but about 
2 ml of supernatant fluid was drawn off and 18.5 ml of 10% calf serum in 199 
added to resuspend the pellet. The original stock, supernatant fluid, and re- 
suspended pellet were assayed for RIF activity. A control culture containing 
no RIF was included in the experiment. 
Because of the statistical limitations of any end point assay employing tenfold 
dilutions, it is not possible to state with precision the amount of RIF recovered in 
the pellet, but it is evident that there is almost 100 times more activity than 
in the supernatant fluid. The pellet proved to be somewhat less infectious than 
the original material, indicating that RIF was partially inactivated by centrifuga- 
tion. We have found that a similar loss of infectivity accompanies the centrifuga- 
tion of RSV. 
Preliminary experiments’ show that RIF also resembles RSV-~and presumably 
lymphomatosis virus as well—in its thermal and ether sensitivities, and in its high 
resistance to inactivation by ultraviolet light. It is distinct from the adenovirus- 
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like agent isolated from chick embryo cultures® in its failure to damage cultures 
of liver parenchyma cells. 

The assay of lymphomatosis virus by induction of resistance to RSV: In establish- 
ing a relationship between RIF and lymphomatosis virus it would, of course, be 
important to determine the manifestations of RIF infection in chickens. The 
test of the ability of RIF to cause the lymphomatosis disease complex in chickens 
can only be carried out in special strains of chickens and requires 9 months to 
complete.’ Pending the outcome of such a trial, it was decided to carry out the 
reverse experiment and test several strains of lymphomatosis virus for their ability 
to induce resistance to RSV in cultures of chick embryo cells. 

Nine ampoules of cell-free tissue extracts derived from chickens with lympho- 
matosis were obtained from Dr. B. R. Burmester of the Poultry Regional Labora- 
tory, East Lansing, Michigan. ‘Three of the extracts were from chickens involved 
in outbreaks of lymphomatosis in widely separated localities, and had been shown 
to reproduce the disease when inoculated into sensitive chickens. The remaining 
six ampoules were from various serial passages of a tumor derived from a single 
outbreak (RPL12) of lymphomatosis. Two of the cell-free extracts had failed 
to produce a significant incidence of lymphomatosis when inoculated into chickens, 
and were included in the in vitro assay to serve as controls. 

An aliquot of each ampoule was added to two cultures of chick embryo cells 
which were sensitive to RSV infection. In addition, two cultures were inoculated 
with our own stock of RIF obtained from a naturally occurring chick embryo 
infection, and another two cultures remained uninoculated. The sens'‘tivity of 
cultures to RSV infection was assayed at each of four subsequent cell transfers. 
There were no prominent morphological alterations in the cultures infected with the 
lymphomatosis viruses, although there was a tendency for the cells to grow in dis- 
organized patterns and to become granular and refractile. These changes also 
characterized RIF-infected cultures after several transfers. 

The quantitative results of this experiment presented in Table 8, show that 
almost every extract which had proved capable of inducing lymphomatosis in 
chickens induced a significant measure of protection against RSV after only a 


TABLE 8 
Assay OF LYMPHOMATOSIS VIRUS FOR ABILITY TO INDUCE RESISTANCE TO RSV in vitro 


Sample tested 

for RIF Year 

activity prepared in chickens 2 
RPL 1953 1077 5 0.03 0.02 
RPL 1957 10-4 ; 0.02 0.02 
RPL 1958 10~* f 0.02 0.003 
RPL 1958 10-3 5 0.006 0.002 
RPL 1959 negative l 0.8 
RPL 1960 negative ¢ 1 0.6 
RPL 1953 10- <0.01 0.002 
Akron 1959 undiluted 0.003 <0.001 
Hickory 5 1959 “infectious”’ 0.004 <0.001 
RIF stock : 1960 unknown j 0.02 0.02 
Black control 1.0 1.0 


Lymphomatosis 
ID 50 


Passage number 
3 


PDO DS dO tN tS 


* Relative sensitivity to RSV infection: 
Italics = Highly resistant culture 
Boldface = Partly resistant culture 
One-tenth ml of each of the indicated lymphomatosis virus samples were added to 2 chick embryo cultures. 
At 3 to 4 day intervals these were subdivided into 6 at 3 days, of which 4 were challenged with RSV and 2 
used for further transfer. Controls consisted of cultures infected with the regular laboratory RIF stock and 
uninfected cultures. 
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single cell transfer; by the second transfer, cultures treated with every one of the 
lymphomatosis-inducing extracts were strongly resistant to RSV infection, and 
the cultures retained this resistance in subsequent transfers. Most of the lympho- 
matosis positive virus samples were, in fact, more potent than the standard RIF 
stock when measured by the speed of onset of the resistance induced in chick 
embryo cultures. 

The two tissue extracts which had produced no disease in chickens were without 
effect on the RSV sensitivity of the chick embryo cultures for 3 transfers. At the 
4th cell transfer, however, the cultures became resistant to RSV infection. The 
delayed onset of resistance suggested, on the basis of the standard curves of Figure 
1, that these two samples contained less than 1/10,000 as much virus as some of the 
samples which produced lymphomatosis in chickens. Thus, the failure of these 
samples to produce a significant increase over the background incidence of lympho- 
matosis after injection into chickens might have been due to their low virus content. 

These results lend support to the suggestion that RIF is related to lymphomatosis 
virus. Aside from the implications of these results for the identification of RIF, 
they indicate that lymphomatosis can be easily detected by tissue culture methods. 
Not only do these methods appear to surpass the animal inoculation techniques 
in speed and efficiency, but they are apparently more sensitive for the detection of 
low concentrations of virus. 

The presence of RIF in ovo: It was shown above that the first striking evidence 
for the induction of resistance to RSV infection in sensitive chick embryo cultures 
appears between 2 and 5 days after their deliberate infection with RIF. Therefore, 
the fact that the cells of some individual embryos were highly resistant to RSV 
infection at the time of their explantation suggested most of the cells had already 
been infected for several days prior to explantation. 

Furthermore, detailed studies on the nature of the resistance to be reported in 
another paper indicate that almost every cell obtained from a resistant embryo, 
and capable of growing in tissue culture, is infected with RIF. In view of these 
observations, an attempt was made to demonstrate the presence of fully infectious 
RIF in various tissues and in the allantoic fluid of resistant embryos immediately 
after their removal from the egg. 

Eighteen 10-day old embryos of strain 13 were used. The allantoic fluid was 
removed from each and frozen. Before dispersing the embryo cells with trypsin 
for the preparation of primary cultures, one leg and the pooled abdominal organs 
of each embryo were removed and frozen. The primary, secondary, and tertiary 
cultures of each embryo were challenged with RSV. It was found (Table 9a) that 
the primary cultures of 2 of the 18 embryos (no. 10 and no. 14) were highly resistant 
to RSV infection. One of the embryos (no. 9) was slightly resistant to RSV in pri- 
mary culture but became highly resistant in secondary culture. Cultures derived 
from the other embryos remained sensitive to RSV infection through all three 
transfers. 

The legs and organs of the 3 resistant embryos and of one sensitive embryo were 
triturated in a cold mortar and pestle. The tissue suspensions were centrifuged, 
and the supernatant fluids frozen and thawed to destroy any intact cells which 
might remain. Aliquots were added to RSV-sensitive chick embryo cultures, and 
the sensitivity of these cultures to RSV infection was determined after one and two 
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TABLE 9 
THE PRESENCE OF RIF 1n Ovo 
A B 


Test of Individual Embryo Cultures Test of Homogenates from Individual 
for RSV Resistance Embryos for RIF Activity 


Individual Total no. Source 
embryo, embryos Passage number of Passage number 
no. in class 1 2 3 Embryo material 1 2 3 


9 1 0.25* <0.01 <0.01 # 9 Leg 0.06 
Organs 0.03 
All fl. 0.08 


10 0.02 Ce Owe #10 Leg 0.01 
Organs 7 0.01 
All. fi. 0.03 


14 0.02 0.02 7 Leg 0.02 
Organs 0.03 i 
All fl. 0.3 0.03 
Leg 1 
Organs l 
All. fl. 1 


* Relative sensitivity to RS” infection. 

A. Eighteen individual emo. yos were removed from the egg. The allantoic fluid, a single leg, and the abdominal 
organs were frozen. The remainder of the carcass of each was used to prepare cultures which were tested for 
RSV-resistance in 3 successive passages. 

B. The frozen tissues from the 3 embryos which had yielded resistant cultures and from one embryo which had 
yielded sensitive cultures were trituratéd with a mortar and pestle in 10 volumes of tris buffer containing 10 per 
cent calf serum. The homogenates were centrifuged at 1,500 RPM in an International clinical centrifuge for 5 
min and the supernatant fluids withdrawn. These were quickly frozen and thawed to destroy intact cells, and 
tested for the presence of RIF by infecting sensitive cultures with 0.2 ml and challenging with RSV at the indicated 
passages. The allantoic fluids were tested without prior trituration or centrifugation. 


and, in some cases, three transfers. An aliquot of the homogenate was added to 
complete medium in petri dishes containing no cells to determine whether there 
were any living cells present as evidenced by their ability to spread on glass: 
no living cells were found. The allantoic fluid samples were tested for the presence 
of RIF without prior centrifugation. 

The results of this part of the experiment are in Table 9B. It may be seen that 
the leg and organ extracts obtained from the two embryos which gave highly re- 
sistant primary cultures induced resistance to RSV in sensitive cultures after a 
single transfer of the cultures. The allantoic fluids from these embryos, and all 
the materials obtained from embryo no. 9 produced resistance in cultures only after 
the cultures had undergone two transfers. Extrac.s from embryo no. 15, which 
had yielded RSV-sensitive cultures when its cells were cultivated, failed to induce 
resistance when added to the medium of other sensitive cultures. 

These results show that the embryos which are the source of highly resistant pri- 
mary cultures produce relatively high concentrations of RIF in ovo. The virus 
concentration in the allantoic fluid is much lower than in the embryo itself. An 
embryo which yields partially resistant primary cultures has relatively low but 
clearly demonstrable concentrations of RIF at the moment of explantation 
showing that the agent is actively multiplying in ovo. 

Discussion.—The inhibition of RSV multiplication in chick embryo cells by 
prior infection with RIF may be regarded as a form of interference between animal 
viruses. In contrast to most cases of interference between animal viruses,’ how- 
ever, the inhibition by RIF appears to be specific for RSV. This conclusion is 
based not only on the observation mentioned above that chick embryo cultures 
resistant to RSV are fully sensitive to Newcastle disease virus, but on the fact 
that in several years of experience with infection of chick embryo cultures with a 
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variety of cytocidal viruses we have encountered no incidents of chick embryo cul- 


tures highly resistant to infection with these agents. 

In all the criteria examined, RIF is indistinguishable from the agent of avian 
lymphomatosis. Both are widely distributed among apparently healthy hens 
and their embryos.’ Neither produces any overt cytopathic effect in tissue cul- 
ture, although both cause increased cellular granularity and disorganization of the 
whorled pattern which characterizes normal chick fibroblast growth. Like RIF, 
lymphomatosis virus has been reported to cross react immunologically with RSV,‘ 
and preliminary studies® indicate that RIF has the physical properties shared by 
all the known chicken tumor viruses. 

Conclusive proof of the identity of RIF must await che outcome of infection of 
chickens. Regardless of the nature of RIF, however, the technique for its assay 
by inhibiting the growth of RSV has been shown to be applicable to the assay of 
lymphomatosis virus. The success in detecting lymphomatosis virus suggests 
that the principle of the interference technique might be useful in the assay of 
viruses associated with other malignancies. The viruses associated with mouse 
leukemia and mouse mammary carcinoma come most sharply to mind, since they 
resemble lymphomatosis virus in their failure to produce an overt cytopathic effect 
in vitro. It would appear necessary, however, to adapt at least one mouse tumor 
virus to play the role of a sentinel virus similar to the role played by RSV in the 
detection of lymphomatosis virus. If such a technique proved successful for the 
detection of known tumor viruses, an effort would be warranted to adapt it as a 
tool for investigating the cause of tumors of unknown etiology. 

Summary.—Sporadic resistance to infection in vitro with Rous sarcoma virus 
(RSV) was encountered among pools of cells obtained from several chick embryos. 
It was found that the resistance encountered in the pools was always associated 
with the presence of one or more embryos whose cells were resistant when culti- 
vated separately. An agent could be invariably isolated from the medium of re- 
sistant cultures, which induced resistance to RSV but not to Newcastle disease 
virus when added to cultures sensitive to both viruses. This agent, named RIF 
for resistance inducing factor, multiplied extensively in infected cultures, and could 
be assayed by an end point method. It was sedimented in the ultracentrifuge 
under conditions adequate to sediment RSV, and it could be neutralized by anti- 
serum to RSV. These characteristics plus its widespread occurrence in eggs 
suggested that RIF is a virus of the avian lymphomatosis complex. Support for 
this relationship was obtained in the finding that four strains of lymphomatosis 
virus mimicked the action of RIF in vitro by inducing resistance to RSV, without 
causing overt cytopathology. 

RIF was found to occur in high concentrations in the tissues of apparently normal 
embryos before explantation, ruling out the possibility that its production was 
activated by in vitro cultivation. It is suggested that the system for the detection 
of RIF and lymphomatosis virus might be a useful model to guide attempts to 
detect viruses in spontaneous tumors of other species. 


The skillful technical assistance rendered by Miss A. Cornelius and Mrs. L. 
Fanshier is gratefully acknowledged. 
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IMMUNOLOGICAL RELATIONSHIPS OF MEASLES, DISTEMPER, AND 
RINDERPEST VIRUSES* 


By Davin T. ImMaGawa, PIERRE GORET, AND JOHN M. ADAMS 


DEPARTMENTS OF PEDIATRICS AND INFECTIOUS DISEASES, SCHOOL OF MEDICINE, UNIVERSITY OF 
CALIFORNIA AT LOS ANGELES, VETERANS ADMINISTRATION HOSPITAL, LONG BEACH, CALIFORNIA, AND 
ECOLE NATIONALE VETERINAIRE,D’ALFORT, SEINE, FRANCE 


Communicated by Wendell M. Stanley, June 6, 1960 


Evidence has accumulated from various laboratories to show an immunological 
relationship between canine distemper and measles viruses.'~> Investigators in 
Africa and Europe have demonstrated an immunological relationship between 


viruses of rinderpest and canine distemper.*-* Studies reported here present fur- 
ther evidence to substantiate the existence of an antigenic relationship between 
measles and distemper, and also show the presence of distemper and measles anti- 
bodies in rinderpest immune-bovine sera. These results indicate that the viruses 
share similar antigenic components. Serum samples from various hosts with 
rinderpest, measles, and distemper were analyzed for measles antibody by neutral- 
ization tests in tissue culture and for distemper antibody by neutralization tests in 


suckling mice. 

Materials and Methods.—-Serum samples: The normal and antirinderpest bovine 
sera were received from France. The antisera were prepared either with bovine 
rinderpest virus or with rabbit adapted rinderpest virus (strain Nakamura ITI). 
Normal serum samples were obtained from animals which were neither inoculated 
nor infected with rinderpest virus. Acute and convalescent sera were obtained 
from 10 children with clinically diagnosed measles. 

Viruses: The Edmonston strain’ of measles virus, propagated in HeLa cell 
cultures,? was employed for neutralization tests. The canine distemper strain was 
the mouse-adapted virus developed from the Lederle strain of avianized distemper 
virus” by successive serial brain passages in suckling mice.” 

Neutralization tests: Measles neutralization tests were carried out in HeLa cell 
cultures as described in a previous paper.? Distemper neutralization tests were 
performed by mixing approximately 100 LDs_ of mouse-adapted distemper virus 
with equal amounts of diluted test sera. Mixtures were incubated at 37°C for '/> 
hr and placed in the refrigerator for an additional '/» hr before inoculating 0.02 ml 





1120 PATHOLOGY: IMAGAWA, GORET, AND ADAMS Proc. N. A. 8. 


intracerebrally into 1-12 hr suckling mice. All serum samples were inactivated at 
56°C for '/. hr before mixing with the virus. Death of animals was recorded for 21 
days and neutralization titers calculated by Reed and Muench’s method." Titra- 
tions of virus were carried out simultaneously with each test. Rinderpest anti- 
body determinations were carried out in France by the method of Huard and his 
collaborators.!2. The titer was determined with the rabbit-adapted rinderpest virus. 
By this method, serum from immune animals had a neutralization index log of 4 to 5. 


TABLE 1 
NEUTRALIZATION TESTS WITH ANTIRINDERPEST AND NORMAL BovINE SERA 
Serum Samples - - - —-____—— Antibody Titers -~ 
Type Description Measles* Distempert Rinderpestt 
Rinderpest antiserum Nha Trang 
No. 1 4 790 
No. 2 : :2 726 
No. 3 i 732 
Melange ey 724 
Prepared with rabbit adapted 
rinderpest virus “a 1:16 4 
Calf 293 Farcha 1:2 1:2 4 
Normal serum Dakar 0 0 0 
France 0 0 0 
Nha Trang 0 0 0 
Calf 292 Farcha 0 0 0 
* Dilution of serum which prevented a cytopathic effect in 50% of HeLa culture tubes against 100—1,000 TC Dso 
of measles virus. 
+ Dilution of serum which protected 50% of suckling mice from death against approx. 100 LDso of mouse adapted 


distemper virus. 
t Neutralization Index Log, method of Huard et al.}? 


Results.—Rinderpest antisera: The data presented in Table 1 show that 6 
different samples of rinderpest antiserum uniformly contained neutralizing anti- 
bodies to measles and distemper viruses. On the other hand, normal sera which 
had been shown to contain no rinderpest antibody failed to neutralize distemper 
and mersles viruses. The measles titers ranged from 1:1 to 1:12, whereas the dis- 
temper antibody titers were generally higher and ranged from 1:2 to 1:90 by 
the suckling mouse method. However, the antibodies were measured in different 
neutralization systems. 

Distemper antibody titers measured in France on the same serum samples by 
the chick embryo and ferret distemper neutralization methods also showed the 
presence of distemper antibody in rinderpest antisera and none in normal sera.* 

Measles antisera: Ten pairs of acute and convalescent sera from patients 
with measles showed that all had significant increases in antibody titer to both 

TABLE 2 
NEUTRALIZING ANTIBODIES IN THE SERA OF PATIENTS WITH MEASLES 


Measles* — - ——Distempert—— — 
Patient no. Acute Convalescent Acute Convalescen 
91-A 75 1:15 <1:5 8 
89-A << 34 730 <1:5 :20 
86-A <1:5 :20 <1:5 74 
81-A 75 232 <1:5 243 
81-B EET :10 <1:5 715 
80-A 25 732 1:2 764 
74-A 5 716 <1:4 212 
71-A a) :12 <1:2 74 
28-A :10 :20 :20 
22-A €3230 780 


a 


* Dilution of serum which prevented a cytopathic effect in 50% of HeLa culture tubes. 
t+ Dilution of serum which protected 50% of suckling mice from death. 
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measles and distemper. The data in Table 2 show no demonstrable measles anti- 
body in the acute phase sera, whereas the convalescent phase titers ranged from 
1:10 to 1:80. Similarily, when the same sera were tested for distemper antibody 
there were no demonstrable antibody in the acute phase, as compared to titers 
of 1:4 to 1:240 in the convalescent phase. 

Sera from ferrets, guinea pigs, rabbits, and monkeys given multiple injections 
of tissue culture measles virus contained distemper antibody in low titers as well 
as antibodies to measles virus. Four ferrets were inoculated intramuscularly 
with 1.0 ml of a mixture of measles virus and adjuvant'* prepared as follows: 
1 part arlacel A, 9 parts bayol F, and 10 parts measles virus suspension. Four 
additional inoculations of measles virus (1.0 ml) without adjuvant were given at 3 
week intervals. Three weeks after the final injection, the animals were bled for 
sera. Two rabbits, 2 guinea pigs, and 2 monkeys were given 3 inoculations of 1.0 
ml of tissue culture measles virus at intervals of 1 to 3 weeks. Two weeks after 
the final injection, the animals were bled for sera. The rabbits were injected in- 
travenously, the guinea pigs by the subcutaneous route, and the monkeys by the 
intramuscular route. 

Results of the neutralization tests for measles and distemper antibodies are 
summarized in Table 3. Sera from animals before injection of measles virus showed 
TABLE 3 
NEUTRALIZING ANTIBODIES IN THE SERA OF ANIMALS IMMUNIZED WITH MEASLES VIRUS 


——— Measles* - - Distempert — 

Animals Preimmunization Postimmunization Preimmunization Postimmunization 
Ferret 

0 212 0 

2 0 0 


1:2 

1:2 

3 0 3 0 1:4 

4 0 26 0 1:3 

Guinea pig 
1 


0 796 0 
2 0 ai is 0 
Rabbit 
1 0 :16 0 
2 0 716 0 


Monkey 
1 <1:4 1:7 ht 
2 <1:4  & 0 


* Dilution of serum which prevented a cytopathic effect in 50% of HeLa culture tubes. 
t Dilution of serum which protected 50% of suckling mice from death. 


no demonstrable antibodies to measles or distemper viruses, whereas, after in- 
jection all showed some level of antibody to both viruses. Control animals inoc- 
ulated with virus-free tissue culture medium showed no antibody to measles or 
distemper virus. 

Distemper antisera: Animals were immunized with distemper virus and the 
sera tested for measles and distemper antibodies. Four ferrets were immunized 
with Lederle’s egg-adapted distemper virus and 5 ferrets were immunized with 
the mouse-adapted distemper virus. These ferrets were subsequently challenged 
with approximately 2,500 MLD of virulent ferret distemper virus and the sera 
drawn 4 weeks following the severe challenge. 

The data in Table 4 show that neutralization of measles virus occurred in low 
dilution. Measles neutralization was present only when the distemper antibody 
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TABLE 4 
NEUTRALIZING ANTIBODIES IN THE SERA OF ANIMALS IMMUNIZED WITH DISTEMPER VIRUS 
Measles* - Distempert -— 
Animals Preimmunization Postimmunization Preimmunization Postimmunization 
Ferret 
0 ; 0 :665 
0 : 0 2128 
0 : 0 :400 
0 2 0 :§12 
0 : 0 7512 
0 +) 0 7450 
0 “i 0 :768 
é 0 0 0 745 
¢ 0 0 0 763 


Dog 


l 32 1: 768 
2 0 1:18 


* Dilution of serum which prevented a cytopathic effect in 50% of HeLa culture tubes. 
+ Dilution of serum which protected 50% of suckling mice from death. 


titer was high. Sera in which the disteraper antibody responses were 1:128 or 
greater neutralized measles virus in low dilution. On the other hand, 2 ferrets 
even though surviving the distemper challenge showed distemper antibody response 
of only 1:45 and 1:53 and no response to measles antibody. In no instance did 
preimmunization or normal serum show any inhibition of measles or distemper 
virus. Serum from a dog previously immunized to distemper likewise showed 
neutralization of measles virus in low dilution in the presence of high distemper 
antibody titer. Serum from another immunized dog with low distemper titer 
showed no measles antibody. 

Five guinea pigs were given 3 intramuscular injections of Lederle’s egg-adapted 
distemper virus in 1.0 ml amounts at intervals of 2 weeks. The animals were 
bled 3 weeks after the final injection. The antibody response to distemper was 
poor with a range of 1:4 to 1:30, and likewise there was no demonstrable measles 
antibody. 

Discussion.—Immunologic cross reactions between measles and distemper 
viruses were first described in 1957.'~* In the same year, Polding and Simpson® 
and Goret et al.? presented evidence of an immunologic relationship between canine 
distemper and rinderpest viruses. Plowright and Ferris'* suggested a possible 
link between rinderpest and measles viruses on the basis of cytopathic similarities 
in tissue cultures. Likewise, they demonstrated that adult human sera neutralized 
rinderpest virus. In 1953, adult human sera and gamma globulin were shown to 
contain specific neutralizing antobodies to canine distemper virus.'® Cytopathic 
changes produced in dog kidney tissue culture by distemper virus’ were similar to 
those caused by measles virus. 

Recently Cabasso, Kiser, and Stebbins’ reported the lack of immunogenic 
crossing between measles and distemper viruses in dogs and chickens. These vary- 
ing results may possibly be related to strain differences or technical procedures. 
Mouse neutralization tests were used in this laboratory whereas Cabasso et al. 
employed chick embryo neutralization methods. It is possible that tests carried 
out in suckling mice may reveal antibodies that may not be as readily demon- 
strable by the chick embryo technique. For example, when complement is added 
to distemper antiserum theré is an enhancement of neutralizing property for measles 


9 


virus.” 
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Studies reported here and those of others®: '* indicate that distemper antiserum 
will fix complement and neutralize measles virus in low dilution when the response 
to distemper antibody is relatively high. However, measles antibody response 
was absent or poor in direct relationship to distemper antibody levels. In this 
same connection, recent measles vaccination studies,'* employing the Edmonston 
strain of live virus, showed that the titer responses were of a low order and in 
approximately half of the subjects no titer could be demonstrated in the post- 


vaccination sera. 

Serum samples from rinderpest immune animals were shown to contain measles 
and distemper antibodies, whereas, normal beef sera failed to neutralize either virus. 
These results support the relationship described earlier between distemper and 
measles'~> and subsequently between distemper and _ rinderpest.*-* Further 
investigations are needed to clarify the exact antigenic interrelationships and their 


full significance. 

Summary.—Neutralization tests on sera from measles, distemper, and rinder- 
pest which were analyzed for measles antibody in tissue culture and for distemper 
antibody in suckling mice present further evidence of an antigenic relationship 
among these 3 viruses. Rinderpest antisera contained measles and distemper anti- 
bodies, whereas normal beef sera failed to neutralize either virus. Acute and 
convalescent sera from children with measles showed significant increases to dis- 
temper and measles antibodies. Sera from guinea pigs, rabbits, monkeys, and 
ferrets immunized with measles virus contained distemper antibody in low dilu- 
tions. Ferrets immunized with avian or mouse-adapted distemper virus and sub- 
sequently challenged with virulent distemper virus demonstrated neutralization of 
measles virus in low dilution only when the distemper antibody titer was elevated 
significantly. Measles antibody responses were absent or poor in direct relation- 
ship to distemper antibody levels. Sera from guinea pigs following inoculation with 
distemper virus showed a poor response to distemper and none to measles. 


* Supported by a Research Grant from National Institutes of Health (E630) U.S. Publie 
Health Service. 
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Earlier studies!:? of electron spin resonance of free radicals produced by 
ionizing irradiations in proteins revealed two characteristic patterns which occur 
for many different kinds of proteins at room temperatures, usually separately 
but sometimes in combination. One of these patterns is a doublet like that 
observed for irradiated acetylglycine, glycylglycine, and certain other pep- 
tides.!: * This doublet arises from the interaction of the electron spin density with 
the nuclear moment of a single proton. Originally it was suggested! that the 
proton giving rise to this interaction was possibly a proton involved in one of the 
hydrogen bridges. Later work in this laboratory showed that this could not be 
true. First, the orientation-dependence of the doublet spacing found for silk 
strands? did not correspond to that expected from the known directions of the 
hydrogen bridges in silk. Second, substitution of deuterium‘ for the bridging 
NH hydrogens in the proteins and simple peptides did not alter the characteristic 
doublet patterns. Furthermore, studies on a number of dipeptides in the powdered 
form’ and the measurement and detailed analysis of the resonances in single crystals 
of alanine’ and the dipeptides acetylglycine® and glycylglycine’ have all indicated 
that the doublet must arise from a proton of the CH group within the free radical. 
The theoretical prediction of negative electron spin densities by McConnell and 
Chesnut® and the finding by Miyagawa and Gordy’ that the isotropic Fermi con- 
tact coupling A, and the dipole-dipole interaction Ay are of opposite sign in the 
CH group of the free radical of irradiated alanine have made possible the present 
interpretation of the orientation-dependence of the proton doublet in silk on the 
basis of its arising from a CH proton. 

Analysis of the Electron Spin Resonance of Irradiated Silk.—The measurements? 
of the electron spin resonance of silk strands as a function of the orientation in the 
static magnetic field revealed a doublet of 26 gauss separation for the silk strands 
parallel to the field and an incompletely resolved doublet of 13 gauss separation for 
the strands perpendicular to the field. The resonance was found to be axially 
symmetric about the silk strands, as would be expected since the various groups of 
the twisted strands have random orientations about the axis of the strand. How- 
ever, the components of the doublets are noticeably broader for the perpendicular 
than for the parallel orientation. This suggests that the axial symmetry of the 
resonance arises from the random orientation of the free radicals in the perpendicu- 
lar plane rather than from symmetry axes of the individual free radicals. The 
measurements were made at three widely differing frequencies: 2.9 kMc/sec, 9 
kMe/sec, and 24 kMe/see. The doublet spacing was found to be independent of 
frequency. The component widths were measurably broader at the higher fre- 
quency, and this broadening was more noticeable for the perpendicular than for 
the parallel orientation. 

We have found it possible to account for all these observed features on the as- 
sumption of the free radical 
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which would be formed by the loss of the R group from the unit section, 


H O 


N C 
RRS 5g ree 


fi& 
H R 


of the polypeptide chain. Figure 1 shows a comparison of the calculated and ob- 

served patterns for the parallel and perpendicular orientations of y-irradiated silk 

strands observed at 2.9 kMc/sec. The calculations assume: (1) that the NCCH 

group is planar, as found for the similar free radicals in y-irradiated single crystals 
ESR OF GAMMA-IRRADIATED SILK 


STRANDS |! TO _H. STRANDS 1 TO H 


Observed Observed 





Calculated 





| ! 1 ma it as a oe 
#— 60 GAUSS ——> — 60 Gauss —>> 
Fic. 1.—Observed and calculated first derivative curves of the electron spin 


resonance at 2900 Mc/sec of gamma-irradiated native silk strands parallel and 
perpendicular to the static magnetic field H. 
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Fic. 2.—The antiparallel-pleated sheet model by Pauling and Corey® with y 
and z coordinates of the free radical of Figure 3 indicated as they would occur for 
this model which is thought to represent silk. The y axis is directed along the 
molecular chain which presumably is arranged along the direction of the silk 
strands or approximately so. This orientation of the free radical in irradiated 
silk is indicated by the spin resonance measurements. 


of acetylglycine;* (2) that the unpaired electron is in a z-orbital perpendicular to 
the plane, also as found for acetylglycine; and (3) that the plane of this group is 
parallel to the axis of the silk strands and the CH group perpendicular to the strands, 
as would be expected from the antiparallel pleated sheet model of Pauling and 
Corey.’ This model, now widely accepted as the correct one for silk, is shown 
in Figure 2. With these conditions the spin density is mainly in a p orbital of the 
CH carbon, the axis of which is perpendicular both to the silk strands and to the 
CH bond. These orientations are shown in Figure 3, where the x axis is chosen 
along the p orbital, the z axis along the CH bond, and the y axis perpendicular both 
to the CH bond and the p orbital. It is seen that the y axis thus chosen is in the 
NCHC plane and in the direction of the silk strands (as indicated in Fig. 2) and that 
the 2 and z axes are in the plane perpendicular to the strands. 

rom the observed splitting for the parallel orientation we get directly the magni- 
tude of the principal coupling element, A,, as 26 gauss. From the position of the 
doublet we obtain the principal value of the spectroscopic factor, g,, as 2.0034. 
However, the doublet splitting and position for the perpendicular orientation gives 
an averaged value for A, and A, and for g, andg,. The averaged value for A, and 
A, is found to be 13 gauss. This average for A; and A, yields with A, a value for A ,, 


A, = 1/;(A, + Az + Az) = 17 gauss, 


the isotropic Fermi coupling. The value of g observed with the applied field per- 
pendicular to the strands is 2.0031. This represents an averaged value of g, and 
g:. From the shape of the resonance something more than the average values of 
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Fig. 3a.—Diagram showing the section of Fic. 3b.—Sectional diagram of the pep- 
the peptide free radical where the electron tide free radical showing how the y and z 
spin density is mainly concentrated. The coordinates are chosen in the NCHC 
x axis is directed normal to the NCHC plane. The z coordinate and the z orbital 
plane and along the axis of the bond of (not shown) are perpendicular to this 
the unpaired electron. The z axis is plane. 
chosen along the CH bond. Therefore the 
y axis is in the NCHC plane and perpen- 
dicular to the CH bond. 


the x and z elements can be learned; the increased width of the resonance for the 
perpendicular orientation over that for the parallel orientation reveals that the x 
and z components are not equal. From measurements at different frequencies it is 
found that the effects of the anisotropy in g are not significant, by comparison with 
the anisotropy in A, in broadening the lines at 2.9 kMe/see. Thus if we neglect 
the effects of anisotropy in g at 2.9 kMc/sec and compare the observed curve for 
the perpendicular orientation for different assumed values of A, and A,, we can ob- 
tain a curve which fits best the observed curve and can thus derive specific values 
of A, and A,. Since we are interested primarily in testing the validity of the 
assumed model, we have instead compared the curve with those calculated from 
values of A,, A,, and A, expected from theoretical considerations and from ob- 
servations on simpler substances. 

Because of the large value of A, one is justified in assuming that the proton 
moment, as well as the electron spin vector, precesses about the direction of the 
applied field, i.e., that the strong field case applies. If the simplifying assumpt on 
is made that the electron spin density p can be considered as concentrated at a 
point at a distance r from the proton, the anisotropic dipole-dipole coupling would 
be given by the well known Paschen-Back formula, 

AC a P Mser(3 a 0 1) = A(3 ene? # — 1), (1) 
where 6 is the angle between r and the applied magnetic field, us = g@S is the elec- 
tron spin magnetic moment, and uw, = y/ is the proton magnetic moment for a space- 
fixed direction. If we assume that the spin density is concentrated at the center 
of the C, or on the z axis, the direction of r would be identical with that of the bond 
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axis, and 6 would be the angle between the CH bond axis and the applied field. 
However, the spin density of an electron in a p orbital is distributed considerably 
off the bond axis, as is indicated roughly in the diagram of Figure 3a. To obtain a 
sufficiently accurate evaluation of the dipole-dipole term one must average the 
quantity expressed by equation (1) over the orbital y, of the electron. Thus 


3 cos? @ — 1 
A = Prlsir a V5 ( = eo oe ) v,* dr, (2) 


r3 


where the integral is taken over the coordinates of the x orbital and y, are the nor- 
malized wave functions for the orbital of the unpaired electron. Usually a molecu- 
lar orbital is assumed to be represented by a linear combination of atomic orbitals. 
Because of the inverse cube variation with r, the contribution of the spin density 
on atoms other than the carbon can be neglected. (The s orbital density on the 
interacting proton gives rise to no anisotropic component.) Since we are here 
assuming the carbon spin density to be pure p, we have 


3 cos? @ — | , 
A = pcbsui J Vp ( ys ; ) vo" dr, (3) 


where pc represents the spin density on the carbon and y, is the normalized 2p, 
wave function of carbon, with the coordinates chosen as in Figure 3. 


This integral has been calculated for a CH by McConnell and Strathdee” 


for the applied field along the principal axes, x, y, and z and with the assump- 
tion of Slater-type wave functions for ¥,. The values they obtain for elements 
of A, when pc = | are, in gauss: (A,), = — 1.6,(A,), = —13.8, and (A,), = 
+15.4 for the magnetic field along the x, y, and z axes as chosen in Figure 3. 
The isotropic coupling can be taken as that for the free methyl radical,'! which has 
been measured in various media from 23 to 25 gauss. With the higher value and 
with the relation, 


A; 


ion ’ 4) 
(A 1) Pc =] ( 


ro = 
the value pe = 0.68 is obtained for the electron spin density on the CH carbon. 
We accordingly reduce the above theoretical values by this factor and obtain, in 
gauss, (A,), = —1.1, (A,), = —9.4, and (A,). = +10.5. With Ay = —17 gauss 
these give the principal values of the proton coupling A to be: 


A, = —18 gauss (LL to silk strands and L to NCHC plane) 
A, = —26 gauss (along the strands, in NCHC plane and 1L to CH bond) 
A, = —7 gauss (L to strands and along CH bond). 


The above values of A,, A,, and A, were used in the following manner to calculate 
the theoretical patterns in Figure 1. For the orientation of the silk strands parallel 
to the static magnetic field, two first-derivative curves were simply added with 
separation of 26 gauss corresponding to the value of A, and with the width and shape 
chosen to give best agreement with the observed curve. The procedure followed 
for the orientation of the strands perpendicular to the static field was somewhat 


more involved because of the random orientation of the OH in the perpendicular 
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plane. For an orientation 6 of the magnetic field in the z-z plane measured relative 
to the z axis (CH bond) the coupling A, neglecting the anisotropy in g, is: 

A, = (A,? cos? 6 + A,” sin? 6)/?, (5) 


Because of the random orientation of the free radical in the x-z plane, the relative 
weight or intensity of absorption for a given angle @ will be inversely proportional 
to the rate of change of Ag with 0: 


l A,’ cos? 6 + A,? sin? @)'/? ; 
Rel. Int. = = hs x 1 nO ' (6) 
OA,/080 (A,? — A,?) sin 6 cos 6 


At 10-degree intervals of @ between 0 and z, the values of A were obtained from 
equation 5, and the corresponding relative intensities from equation 6. At the 
doublet splittings corresponding to different values of Ag, first derivative curves 
were plotted with calculated relative intensities from equation 6 and with the 
shape and width of the curves for the parallel case. The various curves were then 
added to give a single curve, the intensity of which was normalized to agree ap- 
proximately with that of the observed first derivative of the observed resonance 
for the perpendicular orientation of the silk strands in the magnetic field. 

The good agreement of the calculated with the observed curves in Figure | 
gives experimental verification of values of the principal elements of the nuclear 
coupling A and substantiates the model of the free radical for which they were 
derived. Good agreement is obtained between the values derived for silk with 
those for acetylglycine. (See Table 1.) 

Additional confirmation for the proposed model of the free radical is obtained 
from the spectroscopic splitting factor. Good agreement is found between the 
observed g factors for silk and those for the single crystal of acetylglycine.® Pre- 
sumably because of the effects of the dissimilar atoms N and C which are bonded 
to the CH carbon, the principal elements of g in the NCHC plane in acetylglycine 
were not found to be in the same direction as those of the nuclear coupling element. 
The values obtained are: 

gi: = 2.0027 + 0.0004 (along x of Fig. 3) 
g2 = 2.0032 + 0.0004 (55° + 10° from y in the y-z plane) 
gs = 2.0042 + 0.0004 (35° + 10° from y in the y-z plane). 
The effective g values resolved along the x, y, z axes of Figure 3 are, very approxi- 
mately: 
Jz = 2.0027 
Jy = (go? cos? 55° + g;” cos? 35°)'/? = 2.0038 
Jz = (ge* sin? 35° + g3* sin? 35°)"/? = 2.0035. 
From these we estimate the expected values along the silk strands, g , and per- 
pendicular to them, g,, as: 
Ji = Jy = 2.0038 
g\ (gz + gz)/2 = 2.0031. 


The observed values for silk, 
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9 = g, = 2.0034 + 0.0004 


91 = (G2 + gz)av. = 2.0031 + 0.0004, 


are in satisfactory agreement. 

An Analysis of the Electron Spin Resonance of Irradiated Feather Quill.—The 
electron spin resonance of irradiated feather quill consists of a superposition of the 
silk-like doublet and the cysteine-like resonance.* Actually, the latter is much 
the stronger, but because it is also much the broader its detection can be decreased 
relative to the sharper doublet by a decrease of the modulation amplitude. By 
thus optimizing the detection of the doublet relative to the cysteine-like resonance, 
we have been able to show that the doublet spacing in feather quill depends on the 
orientation of the axis of the quill in the static magnetic field. Figure 4 shows the 


Axis ll to H Axis L toH 


os OF Nae — 23 _— 


Gauss Gauss 


Fic. 4.—Electron spin resonance patterns (second derivative curves) observed at 9000 
Me/sec of chicken feather quill with the quill axis oriented parallel and perpendicular to the 
static magnetic field H. 


doublet for the perpendicular and the parallel orientations obtained by a tuning 
of the amplifier at twice the modulation frequency so that the second derivative 
of the actual resonance contour is detected. The peak in the second derivative 
curve comes at the same place as the peak absorption of the actual resonance, 
whereas positive and negative peaks occur approximately at the half-power points 
for the first derivative as used in Figure 1. The peak to the right in Figure 4 
represents one component of the doublet, while the somewhat higher peak to the 
left represents the other component with some of the cysteine-like resonance super- 
imposed. It is evident that the component to the right is slightly broader and 
somewhat closer to the other component for the perpendicular than for the parallel 
orientation. The measured separations of the components are 18 gauss for the 
perpendicular and 23 gauss for the parallel orientation. 

The observed features of the doublet resonance for feather quill are in complete 
agreement. with the free radical found for silk, as shown in Figure 3, if it is assumed 
that the NCHC plane of the radical is oriented as expected from the a-helix with 
7 residue per turn, from Pauling et al.!?_ A section of this helix is shown in Figure 
with the y and x coordinates of the free radical indicated as in Figure 3. It is 
seen that the y coordinate is tilted about 34° from the axis of the helix. 


» 
». 
5 
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Fic. 5.—A section of the a-helix (3.7 
residue per turn) of Pauling, Corey, and 
Branson,'? with the z and y coordinates of 
the NC(a)C group indicated as for the 
peptide free radical in Fig. 3. Our elec- 
tron spin resonance results indicate this 
orientation for the peptide free radical 
produced by irradiation of chicken feather 
quill, if the axis of the helix is along that 
of the quill. 


We assume that the free radical giving the doublet in feather quill is the same 
as that in silk, but is differently oriented. We also assume that the axis of the 3.7 
residue a-helix is directed approximately along the axis of the feather quill. The 
y axis with |A,| = 26 gauss will then be tilted approximately 34° from the quill 
axis. The 2-z plane will also be tilted 34° from the plane perpendicular to the quill 
axis. This will cause the broadening by the anisotropy of g in the x-z plane to be 
less pronounced for the perpendicular orientation and will lead to some broadening 
for the parallel orientation of the quill axis in the field. For simplicity, we neglect 
the extra broadening caused by the anisotropy of the coupling and simply use for 
the A, and A, the averaged value of 13 gauss obtained for the 2-z plane in silk. 
We can then calculate the expected splitting for the parallel and perpendicular 
orientations of the feather quill from the equation: 


A, = [A,? cos? 0 + (A, + A,)av.? sin? 6]!”? 
= [(26)? cos? 34° + (13)? sin? 34°]!/? 
9 


= 25 gauss. 


Similarly, for the perpendicular orientation of the quill axis in the static field we 
have: 


A, = [A,? sin? @ + (A, + A,)av. cos? 6}! 
= [(26)? sin? 34° + (13)? cos? 34°}!/? 
= 18 gauss. 


In these equations @ represents the angle between the y axis of the free radical and 
the axis of the feather quill which is assumed to be 34° (see Fig. 5). These values 
are in complete agreement with the observations. The calculation neglects the 
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effects of anisotropy in g, which are relatively small in comparison with the ani- 
sotropy in the coupling. 

The g value which we obtained for the feather quill axis along the field is 2.0033 + 
0.0004, and that with the quill perpendicular to the field is 2.0034 + 0.0004. 
These values are within the range of those expected for the proposed free radical. 

With this form of the free radical 
we can rule out the y-helix shown 
in Figure 6 which has a 5.1 residue 
per turn with its axis oriented along 
the feather quill. If this were the 
model, one would expect the value 
A, = A, = 18 gauss to be observed 
for the orientation of the quill par- 
allel to the field, and (A, + Az)av. ~ 
16.5 gauss for the perpendicular ori- 
entation of the quill. In addition, 
considerably more broadening for 
the perpendicular orientation than 
is observed would be expected be- 
cause of the large difference in the 
values, A, = —7 gauss and A, = 

Fic. 6.—A section of the y-helix (5.1 residue per —26 gauss, both of which would in 
turn of Pauling, Corey, and Branson)'*withthezand this model be directed in the per- 


y coordinates of the —NC(a)C— group indicated i fi : : 
as for the peptide free radical in Fig. 3. Ourelectron pendicular plane with various orien- 


spin resonance results do not agree with this orienta- tations 

tion of the peptide free radical in either irradiated aie ; 

silk or chicken feather quill. Figure 7 shows the cross sections of 
the a-helix (left) and the y-helix 

(right) with one of the R groups removed and with the —NCHC— free radical indi- 

cated at a position expected. The a-helix to the left is in harmony with our observa- 

tions for the free radical in irradiated feather quill; the y-helix to the right is not, if it 


Fig. 7.—Left figure is cross section of the a-helix of Fig. 5 with the axis of the 
helix perpendicular of the page. At the point indicated by the arrow an R group 
has been removed and the remaining H reoriented in the NC(a@)C plane as in the 
peptide free radical shown in Fig. 3. The figure to the right is a similar diagram 
for the y-helix of Fig. 6. The unaltered diagrams are from Pauling, Corey, and 
Branson. !? 
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is assumed that the axis of the helix is along that of the quill. Pauling and Corey" 
indicate that it seems not unlikely that the polypeptide chains in horn, nail, quill, 
and other proteins that give the a-keratin X-ray pattern have the 3.7 residue a- 
helix configuration. In essence, they propose’ that chicken feather rachis keratin 
is comprised of double layers of a-helixes tucked away in pleated sheets. 

In contrast to the orientation dependence of the silk-like doublet of feather quill, 
no significant changes with orientation were noted in the cysteine-like resonance 
despite the large anisotropy in the g factor and the corresponding sensitive depend- 
ence of the position of the resonance upon orientation for single crystals of cystine. 
We conclude that the C—S or S—S groups in chicken feather quill have essentially 
isotropic orientations. A similar result was observed for hair. 

Principal Sites of Radiation Damage in Proteins.—We now know two principal 
sites of radiation damage to proteins. One is the a-carbon in the polypeptide back- 
bone, and the other is the sulfur atom of a side chain of a cysteine or cystine residue. 
These are two critical and well defined sites. Usually the sulfur in fibrous proteins 
forms an SS bridge, either between different points of a polypeptide chain or be- 
tween adjacent chains. The a-carbon is at the bend point in the coiled protein 
molecule, as is evident from the cross section of the a- and y-helixes in Figure 7. 
Thus the danger points are at the corners and the bridges. We shall refer to these 
two sites as the peptide free radical and the sulfur side-arm free radical. 

The peptide free radical most probably forms at a glycine residue. Although an 
R group (where R # H) of the —CHR— group could be lost to form the peptide 
radical, it seems much more probable that an H would be lost. Superficially, the 
loss of an H from the —-CHR— would seem as likely, or almost as likely, as the loss 
of an H from the —-CH,— in the peptide chain. However, this definitely does not 
seem to be true. We see no evidence for proton hyperfine structure of the 
—NCRC— free radical where R # H. One quarter of the residue in silk are alanine, 
and one third are glycine. If the —NCH;C— free radical were formed by the loss 
of the H from the alanine residue in the same proportion as from the glycine residue, 
one would expect to find a relatively strong quartet from the CH; proton inter- 
action superimposed upon the doublet of the —-NCHC— radical. Such a quartet 
is found, in fact, for irradiated chloroacetyl alanine, where the radical is thought 
to be of the form —-NCH;C—., but not in the proteins. In the more complex 
R—group structure the 8-carbon usually has two hydrogens from which a triplet 
hyperfine structure would be expected for the --NCRC— radical. No glycine 
residue is listed by Tristram" for feather keratin, in seeming contradiction of the 
conclusion that the doublet resonance is most probably formed from the glycine residue. 
However, in his table he accounts for only 76 per cent of the residue of feather kera- 
tin. Furthermore, the doublet resonance in feather quill is much weaker than the 
cysteine-like resonance. 

From extensive comparisons made in this laboratory*: ' of radiation damage to 
sulfur compounds and from measurements on single crystals'*: '’ on some of them 
including cystine, it has been established that the unpaired spin density in the 
cysteine-like resonance is concentrated on the sulfur. The form of the free radical 
is most probably RCH.S-, which would be produced by the loss of the SH proton 
in the cysteine residue and by the breaking of the SS bond in the cystine residue. 

Orbital of the Unpaired Electron in the Peptide Free Radical.—It is easy to surmise 
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why the spin density on the CH carbon (the a-carbon) is reduced to approximately 
70 per cent of its full value, p, = 1, on the —NCHC— radical. One would expect 
part of the spin density of the unpaired electron to be on the adjacent N and onthe CO 
oxygen. The unpaired electron, strictly speaking, is not in a p orbital of carbon but in 
a x bonding orbital perpendicular to the NCHC plane to which the 2p, orbital of the 
carbon contributes about 70 per cent of the spin density. The electronic structure 
of the free radical can be qualitatively described through postulating contributions 
from structures II and III, in addition to those of the primary structure I, to the 
ground state of the free radical. 
H a. 
| 

Cc 

ae 


N 
if, . 


: 
C 


| 
H 
II III 

Because it puts a positive charge on the electronegative atom N, structure III 
would not be nearly so important as structure II, but it might have some signifi- 
cance. From the N' broadening of the acetylglycine resonance the spin density 
is estimated® to be py = 0.06. There are, of course, symmetry requirements for 
the effective scrambling of such structures. The largest contribution from struc- 
ture IT will occur when the CO and CH groups are in the same plane. The con- 
tribution from structure II should be insignificant when the CO and CH groups are 
orthogonal. Likewise, the largest contribution from structure III should occur 
when the NH and CH groups are in the same plane, and no significant contribution 
from III will occur when the NH and CH groups are orthogonal. The most com- 
plete scrambling of all these structures will occur—the so-called resonance energy 
will be greatest—when all the atoms shown in the diagram fall in a common plane. 

The z orbital of the unpaired electron may be described as a linear combination 
of atomic 2p, orbitals or x components of orbitals which are perpendicular to this 
plane (the y—z plane of Fig. 3): 


¥, = ay(C2p,) + by(O2p,) + cey(N2p-) 


where a? + 6? + c? = 1, a? = 0.7, and b? + c? = 0.3. 
Influence of Structural Arrangement on Radiation Effects.—Probably in all pro- 
teins the peptide group, 


(in either the cis or trans form) is planar or nearly planar. Pauling and Corey, in 
their various models for coiled or elongated proteins, assumed this and gave argu- 
ments, both theoretical and experimental, to support this hypothesis. The rela- 
tive orientations of these planar units can differ within the native proteins. The 
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TABLE 1 
CoMPARISON OF MAGNITUDES* OF PRINCIPAL ELEMENTS OF PROTON COUPLING IN THE 
PepTipE Free Rapica, —NCHC— In SILK AND IN ACETYLGLYCINE 
Element Silkt Acetylglycinet Direction 
18 17 1 to NCHC plane 
26 27 in NCHC plane, 1 to CH bond 
7 10 along CH bond 


* The signs of all the elements are probably negative. 

+ Present work. 

t Miyagawa, Kurita, and Gordy, ref. 6. 
o bonds which connect the a-carbon to the NH and CO groups provide not only a 
bend point of approximately 110° but also a hinge about which the two planar 
peptide groups on either side can be twisted to form different configurations of the 
proteins. 

The electron spin resonance studies reveal a new significance for the structural 
arrangement in the coiled proteins. Because of the symmetry requirements for 
a bonding by the unpaired electron, already discussed, it is evident that the pep- 
tide free radical will have a lower energy and hence a higher probability of being 
formed when the adjacent planar peptide group on either side of the a-carbon is in 
the same plane as the NC(a@)C group, and particularly when the adjacent C=O 
group and the C—H group of the resulting free radical are in the same plane. 
For this reason the probability of formation of such a free radical would be higher 
in silk than in a protein having the y-helix structure. In the y-helix the two adja- 
cent peptide groups are orthogonal to the NC(a@)C plane. In the a-helix the 
arrangement is intermediate; the NC(a)C group is neither parallel nor perpendicular 
to the plane of the adjacent peptide groups. 

Probably this structural effect is largely responsible for the interesting observa- 
tion by the Russian scientists, Blumenfeld and Kalmanson,' that the doublet 
resonance in certain proteins is only observed, or is observed to be much stronger, 
when the protein is denatured. However, our observation of the specifically- 
oriented free radical in the natural silk and in chicken feather quill certainly seems 
to prove that denaturation is not necessary for observation of the doublet in some 
proteins. Denaturation might be required for observation of a strong doublet 
resonance in native proteins which are coiled in such a manner that the CO group 
is normal to, or almost normal to, the NC(a@)C plane. 

The structural arrangement required for strong + bonding of the odd electron 
in the resulting free radical would help to explain why the peptide chain free 
radical appears to be formed at the glycine residue, i.e., that an H is lost from a 

CH.— rather than from a —-CHR— group where R # H. When an H is lost 
from the —CH.—, the remaining —-CH— group can more easily assume the 
planar structure for the HCHC group than can the corresponding 
—NC(a)C(8)C— group of the —NCRC— radical. 

In the accompanying paper it is shown that temperature or molecular motions 
significantly influence the movement of electron holes or vacancies within proteins. 


The present work reveals that structural arrangement or nature of coiling should 


do likewise. If the relative orientations of the peptide groups are so favorable that 
a proton is quickly lost from an a-carbon, the hole migration must quickly cease since 
the electron spin density becomes trapped at the a-carbon. Conversely, the 
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relative orientations might be so unfavorable that no significant migration past 
the a-carbon occurs even when no atom is lost. 

Structural Information about Proteins from Electron Spin Resonance.—From these 
experiments it is evident that electron spin resonance can give structural informa- 
tion about native proteins to supplement such information from the older X-ray 
diffraction and infrared methods. The large anisotropy in the proton coupling, 
A, for the silk-type doublet can give information about the orientation of the 

NC(a@)C group of the peptide chain. The large anisotropy in the spectroscopic 
splitting factor g for the cysteine-like resonance can give the orientation of the 
C—S or the S—S bonds in the native proteins. The principal elements in g have 
been located with reference to these bonds in irradiated single crystals of cystine 
dichloride by Kurita and Gordy.” The present authors have made a'‘study of 
the cystine-like resonance in irradiated hair and feather quill as a function of 
orientation of the irradiated object in the external field.2 The resonance char- 
acteristic of the polycrystalline crystine was observed for all orientations. This 
indicates that the C—S or S—S bonds are polyoriented in these native proteins. 


* This research was supported by the United States Air Force through the Air Force Office of 
Scientific Research of the Air Research and Development Command. Reproduction in whole 
or in part is permitted for any purpose of the United States Government. 

+ Now at the Department of Physics, Wake Forest College, Winston-Salem, North Carolina. 
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TEMPERATURE EFFECTS ON FREE RADICAL FORMATION AND 
ELECTRON MIGRATION IN IRRADIATED PROTEINS* 


By FRANK PATTEN AND WALTER GORDY 
DEPARTMENT OF PHYSICS, DUKE UNIVERSITY 


Communicated by Charles R. Hauser, June 15, 1960 


From the first observation of electron spin resonance of irradiated proteins! 
in 1955 it was clear that the electron vacancy, or electron spin density, caused 
by the irradiation must be able to migrate through the protein from the 
multiple sites where the ionizing particles, or quanta, strike to the few sites such 
as the cystine sulfur where the spin density is finally detected. These original 
observations were carried out at room temperature. In the present work it is shown 
that such migrations do not, in fact, occur significantly at the temperature of liquid 
nitrogen, 77°K. Thus the migration of electron holes in the valence shell of pro- 
teins requires an activation energy, assistance from the molecular motions of ex- 
cited vibrational or torsional oscillational states. 

Studies similar to the ones reported here on the proteins have been made on most 
of the amino acids, many di- and tripeptides, and on the nucleic acids and their 
constituents. The results and conclusions drawn from them, which in many 
respects are similar to those for the proteins, will be published elsewhere. Here 
we show only the results on the few peptides and amino acids which give resonances 
like those of the proteins and which are essential for comparison with them. A 
preliminary report? on the present results was given at a meeting of the American 
Physical Society in 1959. 

Experimental Procedure.—All measurements reported here were made at a micro- 
wave frequency of 9,000 Mc/sec. The samples were irradiated in a liquid nitrogen 
flask with a kilocurie cobalt 60 gamma ray source. Dosages of the order of 5 million 
r were employed. For the observations at 77°K the sample was inserted under 


liquid nitrogen into the tip of a liquid air flask made of low-loss glass which fitted 


into a hole in the microwave cavity. 

Magnetic modulation was employed with a phase-sensitive amplifier tuned to 
the second harmonic of the modulation frequency. With the small amplitude 
modulation employed, this gave a response which represents the second derivative 
of the actual aborpption curve. The second derivative curve has its peak at the 
peak absorption of the resonance curve and minima on either side at approxi- 
mately the half-power points of the actual absorption curve. 

Some of the earlier curves obtained and shown here are on curved coordinate 
paper, whereas later curves are on rectangular coordinate paper. These differences 
cause no confusion and will be evident from the figures. 

Results.—As found in the original observations! and elaborated in the accom- 
panying paper, the electron spin resonance pattern indicates that unpaired spins 
usually occur at only one site in a given protein irradiated and observed at room 
temperature and at only two different sites for a variety of proteins. In contrast, 
we have found that if the proteins are irradiated at the temperature of liquid ni- 
trogen (77°K) and their spin resonance observed at that temperature, without 
allowing the sample to warm up between irradiation and observation, distinguish- 
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(Glycyl), Glycine : 


o)at 77°K. 
o) at 77°K. 


a 





b) at 300°K. b) at 300°K 
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Fic. 1.—Electron spin resonance patterns (second derivative curves) of y- 
irradiated silk compared with those of y-irradiated (glycyl); glycine at two tem- 
peratures. The top curves represent observation of the unwarmed sample 
immediately after irradiation at 77°K. The bottom curves were recorded about 
an hour after the same samples had been warmed to 300°K. The vertical lines 
mark the position for g = 2.0036 (the g factor of the DPPH reference signal). 


ably different patterns are observed for different proteins. Furthermore, the spin 
resonance patterns for individual proteins are generally broad, unsymmetrical in 


shape, such as would result from superimposed patterns of a number of different 


radicals. Selected examples of these patterns are shown in the various figures. 


Casein Pepsin 
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b) at 300°K. 
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Fic. 2.—Electron spin resonance patterns (second derivative curves) of y-irradiated casein 

and pepsin at two temperatures. The top curves represent observation of the unwarmed 

sample immediately after irradiation at 77°K. The bottom curves were recorded about an 

hour after the same samples had been warmed to 300°K. The vertical lines mark the 
position for g = 2.0036 (the g factor of the DPPH reference signal). 
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Figure | shows that (glycyl); glycine and silk give noticeably different resonance 
patterns when the samples are irradiated and observed at 77°K. If the samples 
are then allowed to warm to room temperature the resonance patterns became 
essentially alike, both a doublet of 25 gauss spacing and a g factor of 2.0035 gauss. 
The samples, like others of this study, were of a powdered or polyoriented form. 
Similar results are shown for casein and pepsin in Figure 2. All the signals are 
noticeably different at 77°K, yet all become the same doublet at room tempera- 
ture. For the pepsin there is a small amount of the cysteine-like resonance® super- 
imposed which makes the intensity of the two components appear unequal. 

In the native proteins and feather quill (see accompanying paper by Gordy 
and Shields) the doublet resonance of the type observed here at room temperature 
has been shown to arise from a free radical of the form, 


H O 


N C 
tig. = 


H 


the electron spin density of which is concentrated mainly on the a-carbon in the 
peptide backbone structure. This is probably the most common type of free 
radical formed in the proteins which do not have significant cystine or cysteine 
residue. However, a difference in the oxygen effect on the doublet resonance in 
different proteins has been found** which suggests that there may be two forms of 
free radicals giving a similar doublet in the proteins, one which is readily attacked 
by oxygen and one which is not. The free radical shown above, which is thought 
to be of the type giving the doublets here, is relatively stable to exposure of the 
irradiated sample to air or oxygen. 

The results for acetylglycine, shown in Figure 3, provide an interesting exception 
to the observation that the free radicals formed at 77°K are different from those 
formed at room temperature. This exception helps us to understand why the others 
are different. It will be discussed later. 

Figures 4, 5, and 6 are illustrative of the material which gives the cysteine-like 
resonance when irradiated at room temperature. The resonance patterns of 
samples of irradiated cystine and cysteine are essentially alike at room temperature. 
Both probably arise from the same free radical, 


QO 


OZ 


‘ 


which would be formed by the breaking of the S—H bond in cysteine and the S—S 
bond in cystine. The slight variations in the resonance patterns are thought to 
arise from differences in the medium rather than from differences in the chemical 
form of the free radical. t-cysteine and pi-cystine, however, give noticeably 
different resonances when they are irradiated and observed at 77°K before warm- 
ing. Compare Figures 4 and 5. Likewise, the proteins which give this resonance 
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Acetyl Glycine 


a) at 77°K. 


Fic. 3.—Electron spin resonance 
patterns (second derivative curves) of 
powdered acetyl glycine, y-irradiated 
and observed (a) at 77°K and (6) after 
being warmed to 300°K. The vertical 

b) at 300°K. lines mark the position for g = 2.0036. 


100 gouss 


—+>H 


of the common type at room temperature give characteristically different patterns 
when irradiated and observed at 77°K. When the samples are warmed to room 


temperature, the patterns are converted to those of the cystine-like resonance. 
They retain this character after the samples are cooled again to 77°K. 

Nature of Free Radicals Produced by Ionizing Radiations at Low Temperatures.— 
rom the shape of their resonances we conclude that when proteins are irradiated 


L Cysteine Toe Nail 
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Fic. 4.—Electron spin resonance patterns (second derivative curves) of y-irradiated cysteine 
and toe nail. The top curves were obtained after irradiation at 77°K without allowing the sample 
to warm. The bottom curves were obtained from the same samples at the same temperature but 
after they were allowed to warm to room temperature and remain so for about an hour before being 
recooled to 77°K. The arrows mark the position for g = 2.0036. 
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DL Cystine Bovine Albumin 


a) at 77°K. / a) at 77°K. 
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Fic. 5.—Electron spin resonance patterns (second derivative curves) of y- 
irradiated bovine albumin compared with those of y-irradiated DL cystine. The 
top curves were obtained after irradiation at 77°K without allowing the sample to 
warm. The bottom curves were obtained from the same samples at the same 
temperature but after they were allowed to warm to room temperature and remain 
so for about an hour before being recooled to 77°K. The vertical lines mark the 
position for g = 2.0036. 


at temperatures as low as 77°K (and perhaps not so low) a variety of free radicals 
is produced, i.e., unpaired spins occur at many different sites on the molecule. 
When the proteins irradiated at the lowered temperature are allowed to warm to 
room temperature, these complex patterns are usually converted to the simple 
pattern of a single free radical, the one characteristic of that protein irradiated at 


Steers Horn 


a) at 77°K 


Fic. 6.—Electron spin resonance patterns 
(second derivative curves) of steer’s horn 
(a) immediately after y-irradiation at 77°K, 
(b) after warming to 300°K, and (c) after 
cooling again to 77°K. The arrow marks the 
position for g = 2.0036. 


c)back to 77°K 
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room temperature. Our observations were made after the samples had been a 


room temperature for an hour or more. 

The changes which occur when the sample irradiated at 77°K is allowed to 
warm are not reversible when the temperature is again lowered to 77°K. In con- 
trast, any changes of the room temperature patterns with the lowering of the tem- 
perature to 77°K are reversible. The conclusion drawn from this difference in 
reversibility is that the free radicals produced at low temperature are changed to 
chemically different ones upon warming, whereas those formed at room tempera- 
ture remain in the same chemical form upon cooling. The reversible changes in 
the patterns can be attributed to effects of changes in the medium or the molecular 
motions but not to changes in the chemical form of the free radical. 

In confirmation of the conclusion that unpaired spins occur at different sites 
when proteins are irradiated at 77°K, we have, with Raymond Patten, irradiated 
mechanical mixtures of the amino acid constituents of some of these proteins at 
77°K and under similar conditions, without warming the sample, have observed a 
broad resonance resembling those of the proteins irradiated and observed at 77°K. 
In these mechanical mixtures we are reasonably certain to be observing many 
different species of free radicals at once, the resonances of which are superimposed 
to give the complex and unresolvable pattern which is observed. 

‘rom the superimposed and unresolved patterns at 77°K one could hardly hope 
to identify the specific free radicals giving the observed signals. Nevertheless, 
the fact that these different free radicals are converted to the single radical giving 
the resonance characteristic at room temperature indicates that the free radicals 
formed at low temperature are mainly the primary products of ionization, the elec- 
tron holes in the valence cloud of the protein molecules, and the negatively charged 
molecules, or groups, which capture the electrons removed by the ionizing radi- 
ations. Probably the electron holes are unable to migrate effectively through the 
proteins at this temperature but remain trapped in localized groups or sections of 
the protein. Some of the electrons may be captured by impurities such as ab- 
sorbed Os. 

If bonds were broken to form free radicals of a number of different chemical 
species at low temperature, it would seem improbable that all these free radicals 
could be converted to a single one, such as the oriented peptide free radical in silk 
or the cysteine free radical XS-, simply by an elevation. of temperature to 300°K. 
No such conversion was found to occur for the mechanical mixture of amino acids 
mentioned above. On the other hand, if the observed unpaired spin were on the 
unbroken but ionized protein molecules, such a conversion to a single free radical 
could occur simply by a migration of the unpaired electron within the protein mole- 
cule to the point where a bond is most easily broken. This concept is in agreement 
with the previous interpretation of the mechanism for the production of a sing 
electron spin site in a large protein molecule at room temperature. These results 
give additional support for this interpretation and show further that spin density 
can be trapped at different sites in proteins irradiated at low temperature. They 
also show that this type of ‘‘conduction” does not occur significantly at low tem- 
peratures. 

Possible Mechanism for Formation of Characteristic Free Radicals of Irradiated 
Proteins.—The formation of the free radicals characteristic of irradiated proteins 
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at room temperature appears to occur in two separate phases. The first phase is 
essentially the ionization of molecules. This can be produced separately by 
irradiation at sufficiently low temperature. Molecular motions bring about the 
second phase as the irradiated sample is allowed to warm. The same stepwise 
mechanism probably occurs when the free radicals are produced by irradiation at 
room temperature, but too rapidly for observation of the ionized species. 

The second phase starts with electron vacancies at different sites in otherwise 
complete protein molecules and with negative charges (the dislocated electrons) 
trapped at other sites on the protein molecules or on the impurity molecules. As 
the temperature is raised and the molecular motions increase, the electron vacancies 
(holes in the valence cloud) migrate, perhaps to a glycine residue where one of the 
protons of the a-carbon is lost to form the peptide free radical already described. 
The proton might then capture one of the trapped electrons and escape through 
the lattice or might react with something. If the vacancy migrates to the RS—H 
of the cysteine residue, the proton H+ would be lost from the SH to form the char- 
acteristic RS- radical. If it migrates to the cystine residue to form the same free 
radical, an RS*+ would also be formed, which might in turn capture one of the 
trapped electrons to form a similar free radical. In the latter case the S—S bond 
might often be reformed. This healing process would account for our observation 
that the cystine resonance is noticeably weaker than that of cysteine for the same 
dosage. 

For the formation of the characteristic room temperature free radicals from the 
ionized molecules two conditions must seemingly be met: (1) the charges or 
electron holes must be able to migrate in the molecule; and (2) the atom or group 
broken off when the free radical is formed must be able to move away so that the 
bond is not immediately reformed. The molecular motions accompanying the 
temperature increase probably assist both of these processes. 

It is interesting that both of these conditions are apparently met in acetyl- 
glycine even at 77°K. In this substance the doublet characteristic at room tem- 
perature is produced by irradiation at 77°K directly, without warming. See 
Figure 3. It is evident that condition (1) would be met in this molecule at low 


temperature because its atoms, except for the methyl hydrogens, lie in a single 
plane.» The unpaired electron of the ionized molecule should thus be in a x 
orbital which would spread over the entire molecular plane. On the other hand, 
the methyl hydrogens out of the plane would cause a looseness of the crystal lattice 
which might allow a proton to escape from the broken CH bond even at low tem- 


peratures. 

In contrast to the behavior of acetylglycine, Henriksen and Pihl® have found 
that the spin resonance of glutathione changes with time even after irradiation at 
room temperature, and we have found the same to be true for glycine and for 8 
alanine. Thus, for simple molecules particularly, one might expect structural 
differences to cause considerable differences in the temperature range over which 
the phenomena observed here might occur. 

Temperature Effects on Electron Hole Migration in Proteins.—The results of the 
present study indicate that the migration of the electron hole in the valence shell 
of ionized proteins requires activation energy and is assisted by the molecular 
motions. It seems probable that molecular motions mainly assist the holes in the 
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electron cloud of the ionized protein to come in from the various points on side 
chains where they may be produced and to pass by the a-carbon bend points of the 
polypeptide chain. The unpaired spin should experience no difficulty in moving 
from one a-carbon to the next across the planar peptide group, 


H O 


\n0f 
ie Oe 


Cw Ou 

since here it would probably be in the z orbital which would have significant density 
over all the plane. This 2 orbital density would spread to the a-carbons through 
the mechanism of hyperconjugation. Whether the electron spin density could 
migrate past an a-carbon to the next peptide plane would depend on the relative 
orientation of the two planes, as discussed in the accompanying paper. If the two 
planes were orthogonal, this migration should have the highest resistance. The 
migration resistance should thus depend upon the manner in which the proteins 
are coiled. Where the migration is hindered by an unfavorable orientation of the 
two planar groups, it should be assisted by the slow torsional motions (in opposite 
phase) of the molecules in excited torsional vibrational states. 

Likewise the passage of the unpaired spin by the CH, groups in the side chains 
must occur through the mechanism of hyperconjugation. This mechanism would 
be assisted by the ability of the side group to twist or turn into the most favorable 
orientation for this hyperconjugation. 

Recently Augenstine et al.’ have observed a very interesting variation of thermo- 
luminescence with temperature in irradiated proteins which seems to correlate 
with these electron spin resonance results. 

Possible Protein Analysis by Electron Spin Resonance.—The evidence that y- 
irradiated proteins give characteristically different electron spin resonance pat- 
terns when irradiated and observed at low temperatures suggests the possibility 

‘of using electron spin resonance combined with ionizing irradiations as a new 
method for analysis of the amino acid residue in proteins. This method seemed 
‘to be ruled out by the early observations at room temperature which revealed 
‘patterns for only two or three residue, but the results at 77°K indicate that it 
merits exploration. It may not prove to be an accurate method, but it would be 
relatively simple and rapid once dve comparisons and calibrations are made. 

* This research was supported by the United States Air Force through the Air Force Office of 
Scientifie Research and Development Command, and by the Office of Ordnance Research, Depart- 
ment of the Army. Reproduction in whole or in part is permitted for any purpose of the United 
States Government. 
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DISSIPATION FUNCTIONS AND INVARIANT IMBEDDING, I 
RicHArRD BELLMAN, RoBerRT KALABA, AND G. Minton WING 
THE RAND CORPORATION, SANTA MONICA, AND THE SANDIA CORPORATION, ALBUQUERQUE 


Communicated by S. Chandrasekhar, June 2, 1960 


1. IJntroduction.—In a series of papers dating from 1956 (see ref. 1 for a complete 
bibliography), we have used the theory of invariant imbedding to derive a variety 
of nonlinear functional equations for the description of radiative transfer, neutron 
transport, diffusion and heat conduction, scattering and random walk, and wave 
propagation. In this paper we wish to present a new method for establishing the 
existence of solutions of these equations in the cases where no creation of matter is 
involved. This method is based upon the introduction of a new class of physically 
important functions, the dissipation functions. Combining these new functions 
with the functions we have repeatedly utilized in the past, the reflection and trans- 
mission functions, we easily obtain a basic conservation relation upon which all 
else hinges. The uniqueness proofs follow conventional lines. 

It is, of course, essential for the rigorous formulation of the invariant imbedding 
approach to present these existence theorems. The results we present are, how- 
ever, of deeper significance than mere rigor. In the first place, upon them we can 
found a new approach to the classical linear transport processes, one that is inde- 
pendent of characteristic values and spectral theory. In the second place, as 
Chandrasekhar? points out, invariance principles cannot always be guaranteed to 
yield a unique description of a physical process. Consequently, it is essential for 
computational purposes to know that we have a guaranteed method of obtaining 
the physically meaningful solutions. 

2. The Mathematical Model.—We wish to consider a particle process involving 
N types of particles traversing a homogeneous “rod’”’ of length x. We suppose 
that when a particle of type 7 penetrates from either direction a segment of length 
A, then b;;4 incremental particles of type 7 are sent back in the opposite direction, 
bi, => 0, fud particles disappear from the process, i.e., are “absorbed,” and d,A 
additional particles of type 7,7 # 7, are sent through in the same direction. To 
conserve matter, d;;A < 0 particles of type j are added to the original stream; where 


d,, = —-S by + DO dy +f,;| <0, 7 =1,2,...,N. (1) 
(i 


ixj \ 
Here A is an infinitesimal and all expressions are to terms in 0(A). 

We wish to determine the number of particles in state 7 which are reflected, trans- 
mitted, and absorbed per unit time, when one particle of type j per unit time is 
incident upon the rod. Denote these quantities by r;;(x), t,,(x), and 1;;(2) respec- 
tively, and introduce the N & N matrices R(x) = (rij(x)), T(x) = (ty(x)), L(x) = 
(1,,(x)), B = (bi), D = (dj), and the diagonal matrix F = (f;6;)). 

Using techniques we have repeatedly applied, cf. refs. 1, 3, we obtain the system 
of Riccati-type differential equations 


R’(x) = T(x) BT(x), R(O) = 0, 
T’ (x) = (D + R(x)B)T (x), T(0) = 
L'(x) = FT(x) + L(x) BT (zx), L(0) 
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It is this system of equations which we wish to discuss for all x > 0. 
3. Physical Interpretation.—The differentiation of particles can be made on the 
basis of type, energy, wave length, angular direction, and so on. The “rod” can 


represent a one-dimensional rod, a slab, or generally a collection of strata, as in ref. 
4. The foregoing is thus a model of radiative transfer, multiple scattering, and 
similar processes. 
4. Conservation and Existence Theorem.—Our principal result is the following: 
THEOREM. Let 


b, > 0, dy > 0, ¢ x j, fu > O, 
M(B+ D+F) = 0, 


where M is the N X N matrix whose first row is composed of ones and whose other ele- 


ments are zeroes. 
Then: 


(a) The solution of (2.2) exists for all x > 0 and is unique. 

(b) R(x), T(x) and L(x) are nonnegative for all x > 0. 

(c) M(R(x) + T(x) + L(x)) = M for x > 0. 

(d) The limits R(o), T(~), L(™) exist. (3) 


The relation in (3c) is the essential conservation relation. 

5. Sketch of Proof.—It is easy to show that solutions exist in a small 2-interval, 
0 <x < x, satisfying the conditions R(x), T(x), L(x) > 0. For example, we can 
use the recurrence relations 


Ryt+i(a) = 5," T (Cy) BT, (y)dy, Lv > Q, 
Tt i(x) = e?* + fo* e?*-”R,(y) BT »(y)dy, (1) 


with Ro(x) = 0, To(~) = J. The fact that 7,4:(~2) > 0 if R,(y), T,(y) => 0 follows 
from the known result that e?* > 0 if d;, > 0,7 ¥ j; see ref. 5. 

If we now establish the conservation relation of (4.3¢c), which asserts the uniform 
boundedness of rj;(2), ¢;;(x), li;(~) over the interval [0, 2o|, then standard tech- 
niques in the theory of nonlinear differential equations will permit us to assert the 
existence of the solution for all x > 0. As mentioned above, uniqueness follows 
readily. 

We have, using the equations of (2.1), 

[M(R+ 7+ L)|’ = M(R + T + L)BT + M(D + P)T. (2) 
Consider this as a differential equation for the matrix Z = M(R+7+L). Itis 
satisfied over [0, .vo|, the interval of existence of R(x), T(x), L(x), by the constant 
matrix 1, since 

0 = M’ = MBT + M(D+ P)T = M(B+ D4 P)T = 0, (3) 


upon referring to (4.2). Since J/(R(O) + 7(0O) + L(O)) = MI = M, we see 
that (4.3c) holds over 0 < x < 2x. 

6. Discussion. In this paper, we have applied a new technique for establishing 
existence of solutions, based upon conservation principles, to one class of problems. 
In forthcoming papers, we will discuss more complex problems involving time- 
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dependence, particle-particle interaction, and variable media. We shall also 
discuss uses in transmission line theory and wave propagation. 

! Bellman, R., R. Kalaba, and G. M. Wing, ‘Invariant imbedding and mathematical physics- 
I: particle processes,’ J. Math. Physics, to appear. 

? Chandrasekhar, 8., Radiative Transfer, (Dover Publ., 1960), p. 190, et seq. 

’ Bellman, R., R. Kalaba, and G. M. Wing, ‘On the principle of invariant imbedding and neu- 
tron transport theory—I: one-dimensional case,’’ J. Math. and Mech., 7, 149-162 (1958). 

‘ Bellman, R., R. Kalaba, and G. M. Wing, “Invariant imbedding and neutron transport 
theory—IV: generalized transport theory,’’ J. Math. and Mech., 8, 575-584 (1959). 

5 Bellman, R., Introduction to Matrix Analysis, (New York: McGraw-Hill Book Co., Ine., 
1960), Theorem 3, p. 170. 


ON A THEORY OF DISPERSION BY CONTINUOUS MOVEMENTS, II. 
STATIONARY ANISOTROPIC PROCESSES 
By C. C. Lin* 
inten isceddiinind teat sire webiste 
Communicated by S. Chandrasekhar, April 6, 1960 
1. Introduction.—In a previous note,' we have shown how Richardson’s law of 


turbulent dispersion can be derived from purely Lagrangian concepts by a slight 
extension of the concepts used in the theory of Brownian motion, without reference 


to the energy spectrum in an Eulerian analysis. The process of dispersion has been 


assumed to be isotropic in spacial orientation. In this note, we shall remove 
the assumption of isotropy so that the theory may be used as a basic framework 
for application to atmospheric turbulence in which the horizontal coefficient of 
dispersion may be many times larger than that in the vertical. This brings out 
even more clearly the contrast between the present treatment and those based on 
Kolmogoroff’s theory in which the concept of local isotropy plays an essential role. 
The results obtained here also furnish more relations for observational verification. 
2. The Basic Correlations.—We consider the relative motion of two particles re- 
leased at the same point in a field of turbulent motion which is homogeneous but not 
isotropic. We then consider the statistical average over an ensemble of such 
pairs. Let x,(t) denote the relative displacement of a typical pair at time ¢, and 
v(t) = x,(t), a(t) = v(t), where a dot denotes time differentiation. As before, 
we assume that the process is stationary in the sense that the forces acting on the 
particles may be described by a stationary random process. Thus, we assume 


a(t’)aj;(t) = ay(r) = ay(—7), (2.1) 


where 7 = t’ — ¢; it follows that a;; = a;; We attempt to describe the statistical 
behavior of a pair of such particles in terms of the correlations 


Vis) = vito), Xu = xi(t)x,(d). 
For the pairs of particles under consideration, we have 


x0) = 0, »,(0) = 0. 
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Thus, we do not have a relation of the form 
v,(t’)v,(t) = v(t’ — b) 
since these pairs of particles form a restricted ensemble with the property V ,,(0) = 
0. If we had considered a statistical average over all pairs of particles, we should 
admit the above relationship. On the other hand, we assume that (2.1) holds 
even for this restricted ensemble. This is an approximation asserting that the 
pressure forces acting on a fluid particle are essentially independent of its velocity. 
In the next two sections we shall show that 


t 
V(t) = v(t)o,(t) = 2 (t — r)Aj,(r)dr, 
0 


”: Soe d? 4 t 
a X i(t) = a xr,(t)x,(t) = 4 f Aij(r)dr — 2f TA ;;(r) dr, 


where 
| 
A,j(r) = laij(r) + ay,(7) | 


is symmetric in the indices and is, of course, an even function of 7. In Section 4, 
we shall give a generalized form of Richardson’s law by applying customary ap- 


proximations to (2.4) and (2.5). 
3. The Correlation of Relative Velocity.—With the restriction v,(0) = 0, we have 


v(t) -{ a,(t’) dt’ (3.1) 
0 
i t 
v,(t)a,(t) =f a,(t')a,(t)dt’ = f a;;(r)dr. 
0 0 


By adding two such equations with interchanged indices, we have 


d f 
v,(t)v,(t) = 2 | A,,(r) dr (3.2) 
dt 0 


Since v,(0)v,(0) = 0, we have 


‘ t 
V(t) = o4(t)v,(t) 2 [ (t — r)Ay(r)dr. (3.3) 
0 


and consequently 


Clearly, the above derivation holds for any vector variable v,(¢) satisfying the gen- 
eral statistical properties specified, provided the initial value of this vector is zero. 
The principal point is that the time derivative v,(t) of the vector variable con- 
sidered has a definite statistical correlation in time, independent of the values of 
v,(t). Essentially, it is the same calculation made by Taylor? in his theory of 
diffusion by continuous movements. In that theory, it is the displacement vector 
y,(t) that takes the place of v;(t) here. 

1. The Correlation of Relative Displacement.—Under the conditions (2.3), the 
relative displacement between a pair of particles is given by 


z(t) = f (t — t’)a,(t’)dt’. (4.1) 
0 
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From this, we derive that 


t t 
x,(t)a,(t) -{ (t — t’)a,(t’)a,(t)dt’ -{ Tais(T)dr. 
0 0 


It then follows that 
t 
x (tja,(t) + x,(Ha(t) = 2[ TA jj(r)dr. 
Notice that when (4.3) and (3.3) are combined, we have 


t 
Ui; + 1A, + VW; = a f A ;;(r)dr. (4.4) 


0 
However, we are more interested in 2,(t)x,(t) whose second derivative involves 
the quantity occurring in (4.3). Indeed, by straightforward differentiation and 
the use of (4.3) and (3.3), we get immediately 


d? t t 
de x,(t)x,(t) = rf tAi(r)dr — 2 [ TA i;(r)dr. (4.5) 


This equation can be integrated exactly to give x,(t)x,(t), but it is physically more 
meaningful to treat it approximately in the usual manner, introducing a finite 
correlation time beyond which A (7) becomes negligible in a proper sense. 

5. Generalized Richardson’s Law of Dispersion.—Let 7 be a time interval such 
that A,,(7) is “negligibly small” for r > 7, (with exact meaning to be specified). 
In particular, we shall assume it a good approximation to assert 


t ri 
[ A,j(r)dr = f A,,(r)dr, for all t > 74. (5.1) 


Clearly, we have to impose an upper limit on ¢. For, as > ©, we expect vw; 
to approach the statistical average for the unrestricted ensemble, which has a 
definite value independent of ¢. Thus, by (3.2), we have 


l 
im f A,,(r)dr = 0. 
l—>o 0 


However, if we restrict ¢ to be only many times 7; but still sufficiently short for the 
initial conditions (2.3) to matter, we are free from this restriction. Specifically, 
we shall restrict 7; < ¢ < 72 such that 


t TI 
{ Ai;(r)dr «<f Ai;(r)dr, for 7 <<t< 7, 


and choose 72 as large as permissible and 7; as small as permissible within the de- 
sired accuracy of our analysis. Clearly the method is one of asymptotic approxi- 
mation.’ 

With this kind of approximation in mind, including in particular an approxima- 
tion similar to (5.1) for the second integral on the right-hand side of (4.5), we have, 
from (3.2) and (4.5), respectively, 


[ Ayr) dr (5.4) 


Lt, = 4B,,t. (5.5) 
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‘rom these relations, we derive immediately 


Vy = vw, = 2B,,t, 
1X, 

Dicom doe se 
dt 


j 


Xy = ra, = §B,t* = 4D,/, (5.8) 


where D;,; may be called the “dispersion tensor.’”’ If we now contract the formula 


(5.8) for X,;, we obtain 


3 Y 1/3 
ort = - ; 
} 
Thus, solving for D;; from (5.8) we get 


4X 1/3 
dy = Xy : 5.9 
Pe Pan (a) ee? 


If we now remember that B is a characteristic of the field of turbulence and that 
X ;; varies with the square of the linear scale, we see that D;; varies as the */; power 
of the linear scale, which is Richardson’s law. Notice that (5.9) predicts the same 
ratio between all the components of X,,; and those of X,;,; = 2D,;.. Thus, the results 
obtained here can be subjected to a more detailed observational test. 

* On leave of absence from Massachusetts Institute of Technology, Cambridge, Massachusetts. 
The author is grateful to Professor J. R. Oppenheimer for the hospitality extended to him at the 


Institute for Advanced Study. 

' Lin, C. C., “On a theory of dispersion by continuous movements,’’ these PROCEEDINGS, 46, 
566 (1960). 

2 Taylor, Sir Geoffrey, Proc. Lond. Math. Soc., 20, 196 (1921). 

’ There are methods of refining the formulation such that the complications discussed above 
do not occur; e.g., the introduction of a small resistance force proportional to the velocity. This 


will be discussed in the full paper. 


EXPERIMENTS ON THE STABILITY OF SPIRAL FLOW BETWEEN 
ROTATING CYLINDERS 
By R. J. DONNELLY* AND Dave Fuurzt 
DEPARTMENT OF PHYSICS AND DEPARTMENT OF METEOROLOGY, THE UNIVERSITY OF CHICAGO 
Communicated by S. Chandrasekhar, July 6, 1960 
The stability of viscous fluid flow between a pair of coaxial rotating cylinders 
has been studied by a number of authors with generally excellent agreement 
between theory and experiment since G. I. Taylor’s pioneer investigation.' The 


effect of superposing on the rotational flow an axial Poiseuille-type flow was first 
considered by Goldstein? and more recently by Chandrasekhar.*: 4 Chandrasekhar 
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has shown that an axial flow will tend to stabilize rotational flow, that is, to delay 
the onset of instability as the speed of the inner cylinder increases; in fact, he 
has shown that in the limit of zero viscosity the Rayleigh stability criterion con- 
tinues to be valid.* The theory shows that when instability sets in, it does so by 
forming an array of longitudinal vortices which are periodic in the axial direction, 
and in which the circulations reverse themselves periodically with a definite fre- 
quency. Such an oscillatory instability is referred to as ‘“‘overstable” (cf. Chan- 
drasekhar*) and was first observed by Fultz, Nakagawa, and Frenzen in a study of 
thermal convection.® 

The purpose of this paper is to describe the first results with an apparatus de- 
signed to observe these features. These results refer solely to the case when the 
outer cylinder is at rest; they include observations of the overstable character 
of the cellular motions and a determination of the critical Taylor number for 
teynolds numbers of the axial flow up to 100. 

Apparatus.—The apparatus is essentially a modification of the one used by us 
in a study of flow between rotating cylinders with a wide annulus.’ The outer 
cylinder is a precision-bore Pyrex tube 94 em long whose inside radius Ry = 6.2845 + 
0.006 em. The inner cylinder is an aluminum tube approximately 7 mm thick 
and 90 em long. It is provided with ink orifices situated 55 em and 80 em above 
the bottom, which may be operated independently. This tube is chrome-plated 
and buffed to provide a technically smooth surface (quantitative roughness un- 
known) and to prevent corrosion. Its radius, over the lower half used for critical 
determinations, averages R; = 5.9682 + 0.0006 cm. Systematic variations in 
both cylinders (mainly however in the glass tube) cause variations of about 2 
per cent in the gap; allowance was made for them in the observations reported 
here. The nominal gap is d = 0.316, em giving R,/R, = 0.9497, so that we can 
use theoretical results for a narrow annulus with confidence. 

The axial flow is provided by simple gravity flow from above. Water leaves 
by a drain tube at the bottom, goes to a gear pump and then through a coil in a 
water bath for controlling temperature. It then proceeds up a tube past a pre- 
cision thermometer, through a ball-type flowmeter, and thence to a circular 
trough which discharges it through four tubes into the top of the cylinder 
assembly. The temperature of the room is reasonably well controlled by an air- 
conditioning system referred to a thermistor placed near the apparatus. The 
tracer is a density-balanced solution of methylene blue dye. 

Observations on the Cellular Vortices which Appear at the Critical Speed.—The mean 
axial flow rate is designated as V,, em/sec; the corresponding Reynolds number is 


R = V,,d/v (1) 


where v is the kinematic viscosity of the fluid. For low values of R (between:0 
and 10) it is possible to observe the periodic reversal of circulation in the vortices 
that is predicted by the theory. (In fact, this was found on the first trial of the 
assembled apparatus in April 1960.) This is the first time that overstable oscilla- 
tions have been observed directly in the interior of the fluid. Earlier observations® 
were made in heat transfer experiments with mercury where only the top surface 
is accessible to visual observations. When carefully inserted, the dye remains in 
a film close to the inner cylinder at speeds below critical, the film spreading down- 
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ward under the influence of the axial flow. At the critical speed a series of very 
clear horizontal lines appear which mark the boundaries of the cells. The over- 
stable oscillations appear as periodic changes in the apparent density of ink lines 
between the cells. Adjacent lines are 180° out of phase in time. Estimates of 
the period are difficult to make; but they are in the range of 7 to 12 sec for small R. 
At R = 3.16 we have found by several measurements an average period of oscilla- 
tion of 11.9 sec. The dimensionless frequency parameter o in Chandrasekhar’s 
theory is defined by 


o = pd?/y = 2xd*/Pv (2) 


where p is the frequency and P is the observed period of oscillation. The observation 
at R = 3.16 yields o = —5.8. The theoretical values given by Chandrasekhar lead 
to an interpolated value of ¢ = —8.0 at the same Reynolds number, which can be 
considered satisfactory agreement pending more extensive measurements. 

The wave numbers of the cells which are determined by the spacing of the 
vortices have not yet been systematically observed. However qualitative estimates 
show that they do not vary much from the value at R = 0 over the range 0 < R < 
100. The value of the dimensionless wave number a = 27d/X, where X is the 
axial wavelength, has been measured carefully at R = 0 and gave a = 3.14, com- 
pared to the theoretical value a = 3.12. 

The speed, V,., with which the cells are carried down the cylinders, can be de- 
termined by simple displacement and time measurements against a scale. Pre- 
liminary observations indicate that this is greater than the mean flow rate Vp. 
Some observations are given in Table 1. 


TABLE 1 


COMPARISON OF THE RATE oF AXIAL MOTION OF CELLS WITH THE MEAN 
FLtow Rate 

V m(em/sec) V-(em/see) Ve/Vm 

0.091 0.114 1.25 

0.130 0.139 1.07 

0.168 0.218 1.30 


1. Determinations of the Critical Taylor Number.—The Taylor number is 
defined for this problem by Chandrasekhar‘ as 


2R,7d' (° . 
T = : 3 
R. — Ri? \v (3) 


where Q, is the angular velocity of the inner cylinder. Observations of the critical 
rotation rate give the critical value of the Taylor number, 7’, as a function of R. 
The observations are summarized in Table 2 and appear in comparison with 
Chandrasekhar’s calculations in Figure 1. The operation of the instrument can 
be judged by the entry for R = 0 (which is the average of 8 observations), T, = 
1,712 + 10 (standard error of the mean) as compared with the theoretical value 
T. = 1,708. The values of 7, reported are considered as reliable to within +5 
per cent. 

It can be seen that the general variation of 7’. with & is consistent with Chan- 
drasekhar’s work: the axial flow causes stabilization of the rotational flow. The 
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Theoretical Tc 


1,715 (1,708) 


1,753 
2,309 


3,881 
5,962 
8,730 
8,319 
te 10,876 
100 12,100 ra 


quantitative agreement is also striking: the results, although consistently high, 
are very nearly parallel and within 10 per cent of the theory. 

It is interesting to observe that the experimental values of 7’, are considerably 
above 1,708 even at the lowest value of R we have measured. Evidently even a 
small amount of axial flow can appreciably stabilize the rotational flow, as well as 
produce the striking phenomenon of overstability. 


We plan additional measurements to improve the accuracy of the 7’, values, 


lO 


l 3.456789 3 4 567890 
R— 


Fig. 1.—Plot of the critical Taylor number for rotation as a function of the Reynolds number 
for the axial flow. Solid line and solid circles are from Chandrasekhar’s calculations. 


Open 
circles are experimental points. 
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to extend the range of R, and to make as precise measurements as possible by 
supplementary photographic means of the oscillation period, the axial wave num- 
ber, and the axial velocities of the cells. In a later detailed paper on this work, 
we will attempt to compare our results carefully with previous experimental and 
theoretical investigations. Earlier experimental results are those of Cornish,* 
Fage,® and Kaye and Elgar." The interests of these investigators were, however, 
mostly with higher axial Reynolds numbers than those we are reporting. Cornish’s 
data extends into the range below R = 100, but his critical values of 7 are around 
6,000 and have only a slight upward slope as R increases from 10 to 200. His 
critical values were determined from the break in the resistance-coefficient curve 
and may be complicated by turbulence due to end effects or by some other effects. 
Kaye and Elgar’s values in the relevant range look much closer to ours in magnitude 
and trend, but are given on a small-scale graph which cannot be compared with 
any precision. So far as we can determine, no previous work has established the 
ovecstability predicted by Goldstein? and Chandrasekhar.‘ 

We are very much indebted to Mr. H. A. Snyder for the very careful determina- 
tion of most of the critical points, to H. Akerhaugen for precision machining of the 
inner cylinder assembly, and to M. Z. Fain and 8. Nawrot for assembly of other 
parts of the apparatus. Professor 8. Chandrasekhar made the initial suggestion 
that a search be made for the overstable oscillations of spiral flow and has con- 
stantly encouraged our efforts. 

* Alfred P. Sloan Research Fellow. 

+ Participation in this research by D. F. has been supported in part by the National Science 
Foundation under Contract G10184, and by the Geophysics Research Directorate, Air Force 
Cambridge Research Center under Contract AF 19(604)-4549. 
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STUDIES ON THE FORMATION OF AN ENZYME-SUBSTRATE 
COMPLEX BETWEEN MYOSIN AND ADENOSINETRIPHOSPHATE* 


By L. B. NANNINGAT AND W. F. H. M. MomMMAERTS 


DEPARTMENT OF MEDICINE (THE LOS ANGELES COUNTY HEART ASSOCIATION CARDIOVASCULAR RE- 
SEARCH LABORATORY), THE UNIVERSITY OF CALIFORNIA AT LOS ANGELES 


Communicated by H. W. Magoun, May 24, 1960 


Knowledge regarding the formation of an enzyme-substrate complex between 
myosin and adenosinetriphosphate} has implications beyond its relation to formal 
enzyme kinetics. It has been concluded that during its transient combination 
with ATP, the myosin molecule undergoes some change, which in the case of ac- 
tomyosin solutions expresses itself in a reduction of the viscosity and turbidity.'~* 
In actomyosin gels or in organized fiber systems, this same binding of ATP may be 
crucial in the energetics of contraction.?: *»7 Indeed, the quantitative aspects of 
the turbidimetric change in actomyosin induced by stoichiometric amounts of 
ATP maintained by a rephosphorylating enzyme system* can be treated from the 
point of view of a reversible binding of ATP to myosin.’ It is true, however, that 
the experimental study of such problems has remained restricted to indirect findings 
regarding the ATP binding, derived from the magnitude of the associated secondary 
effects, and that these may be complicated by the energetics of the dissociation of 
the actomyosin in addition to that of the ATP-myosin complex itself.!° 

In the present work, we have accomplished a direct demonstration of the bind- 
ing of ATP by myosin, employing the light emitted by the firefly luciferase-lucif- 
erin system in response to ATP": '? as a continuous measure of the concentration of 
free ATP in the system. This first publication deals with the general foundation 
of this methodology and with the determination of the stoichiometry of the ATP- 
myosin interaction, while the subsequent paper will deal with the determination of 
the various kinetic constants. '* 

Materials and Methods.—Myosin: Myosin was prepared from rabbit skeletal 
muscle with the standard procedures of this laboratory'*; it was homogeneous in 
the ultracentrifuge. The protein was dissolved in 0.3 M NaSQO,, 0.01 M Tris 
buffer pH 7.0 and was preserved in ice with a drop of chloroform. The stock solu- 
tion had a concentration of the order of 1 per cent, as determined by Kjeldahl 


analysis.§ 

Luciferase-luciferin: A partly purified extract was prepared from dried firefly 
lanterns! as described by McElroy and Strehler,'® but the fractionations with 
ammonium sulfate were performed at pH 7.5 throughout, except for the final dis- 
solution at pH 7.0. The extract was preserved in 1-2 ml samples in a deep freeze 
and each sample was used on the same day it was opened (repeated freezing and 
thawing leads to a loss in activity); after thawing, the sample was cleared by cen- 


trifugation and kept on ice until use. 

Creatine phosphoryltransferase: This enzyme was purified according to Kuby, 
Noda, and Lardy"*: " or according to Padieu and Mommaerts" by a narrowly cut 
acetone precipitation. The latter product approached the crystalline preparations 
in its specific activity and in its boundary spreading in the ultracentrifuge. The 
product was lyophilized and preserved in the deep freeze. 
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Incubation mixture: The constituents of the reaction mixture depended on the 
nature of the experiments but, unless indicated otherwise, had the following com- 
position. A medium was prepared by mixing 20 ml 0.2 M NasHAsQO,, 10 ml 0.2 
M MegS0O,, and 50 ml 0.5 M NaSO,, and adjusted to pH 7.0 or 7.6 with H.SOx. 
In this mixture, 1 to 5 (usually 2.5) mg CPase were dissolved per ml. In a 2-ml 
micrometer syringe with a 4-inch 18-gauge needle, 0.78 ml of medium containing 
CPase was aspirated, followed by 0.02 ml of 0.05 M CP, 0.08 ml of FF and 0.02 
ml of ATP solution of a given concentration in this sequence. There was no reac- 
tion at this point, since the ATP remaining located in the needle was not mixed 
with the other reactants, notably the Mg. Then the contents were suddenly dis- 
pensed into the cuvette of the apparatus (see below) giving a rapid light flash, 
followed by a steady level of light production, declining only slowly in the course 
of many minutes. After a standard time, 0.10 ml of 0.8 M Na»SO,, 0.01 M Tris 
pH 7.0 was added (in lieu of myosin, see below) by rapid ejection from a 0.25 ml 
syringe, which reduced the light because of dilution. A calibration curve for 
the dependence of the light intensity upon the free ATP concentration was made, 
after NasSO, had been added. This curve was linear below a final ATP concentra- 
tion of 5 & 10-* M, while a progressive curvature occurred at higher ATP con- 
centrations. Without CP and CPase or with only one of these components, no 
luminescence occurred in the absence of added ATP. With CP and CPase present, 
however, often a small amount of luminescence was found in the absence of added 
ATP so that the calibration curve did not go through the zero point. By extrap- 
olating the linear part of the calibration curve to the negative side of the ordinate 
until it intersects the abscissa, the ATP present in the system under these conditions 
is obtained (maximally 0.6 X 10-* M). This concentration is added to the con- 
centration of the added ATP. We presume that the effect is caused by the presence 
of some ADP in the firefly enzyme. 

In the experiments proper, 0.10 ml of a myosin solution in 0.3 M Na»SOx,, 0.01 
M Tris pH 7.0 was added by rapid ejection from a 0.25 ml syringe. The final con- 
centration of the myosin in the total mixture was of the order of 0.1 per cent or 2.4 
xX 10-* M, based upon a molecular weight of 420,000.'*: 7° 

Recording of the light emission: The mixture described above was contained in 
a tall cuvette of 0.8 & 0.8 & 10.0 em inside dimensions, placed in a closed aluminum 
holder facing a photomultiplier cell, and the photocurrent was recorded as described 
in the Appendix. The micrometer syringes by means of which the additions were 
made fitted through a light proof seal in the cap of the cuvette holder. Mixing 
was rapid, occurring in about 0.25 second as judged by the time needed for the light 
to find its new, reduced, level upon the addition of Na»SO, in the blank experi- 
ments. 

Effect of the turbidity of the mixture wpon the emitted light: If the light is homo- 
geneously emitted by all parts of the solution in a container of horizontal cross 
section 1 X 1 em, each vertical sheet of thickness dl facing the photocell will con- 
tribute the amount /d/ to the light reaching the detector directly (Fig. 7). Due to 
the turbidity ¢ of the medium, the total light so reaching the photocell will not be 
Il, but a lesser amount obtained as follows: 

tl 


1 
ri fi te" a - I(l-—e )/t 
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while the attenuation, defined as 1 — (/’/J) becomes zero for = 0. When myosin 
solutions, as customarily used in the experiments after centrifugation for 30 min 
at 30,000 rpm, were diluted into the reaction mixture, the resulting turbidity in 
the spectral range of the luminescence reaction was about 0.01, and hence the 
attenuation was calculated to be 0.5 per cent. (It would be 3.9 per cent for ¢ = 
0.1.) Since the distance between photocell and cuvette was 4 times the width 
of the latter, the pathlength of obliquely traveling light is still closely the same. 
Somewhat more effect will be exerted upon light traversing the entire cell after 
reflection by the walls, and the total attenuation may be 0.5 to 1.0 per cent in 
average cases. This has been neglected in the description of the measurements, 
since it is considered to be within the limits of error. 

Accessory Experiments.—Kinetics of creatine phosphoryltransferase: Since the 
design of the principal experiments required a knowledge of the Michaelis constant 
and maximal velocity of CPase, acting as the rephosphorylating enzyme, under the 
conditions of the experiment, we have determined these quantities with the same 
general methodology, but for the omission of myosin and the use of 100 times lower 
CPase concentrations. The reaction mixture therefore consisted of 0.78 ml of 
medium with 0.025 mg CPase per ml, 0.02 ml of 0.05 WM CP, 0.08 ml of FF and 0.02 
ml of water. No light is emitted from this mixture. When 0.1 ml of ADP solution 
is added, luminescence starts and is evaluated in terms of the velocity of ATP for- 
mation at different concentrations (Fig. 1). When the same amount of ADP was 
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Fic. 1.—Determination of the velocity of ATP formation by creatine kinase, at 
different initial ADP concentrations indicated at the individual curves. Description 
of the experiment in the text; 0.025 mg CPase per ml of medium; 0.001 M CP; 
0.22 to 4.44 X 10-4 M ADP. 
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added in a 0.02 ml volume, due to some imperfection in mixing, there was an 
initial flash, but when added as described, the velocity could be evaluated through- 
out the entire course. The ADP concentrations in the final mixture were of the 
order of 10-5 to 10-* M; the CP concentration was 10~*, as in the major experi- 
ments, so that the data obtained apply to the same conditions. In this manner we 
obtained 7 X 10~‘ for the Michaelis constant, and 3.6 X 10~* moles per ml per sec. 
for the maximal velocity (Fig. 2). The maximum velocity is therefore 100 times 
higher. i.e., 3.6 X 10-7 moles per ml per sec. at 2.5 mg of CPase per ml of medium 
(concentration in final mixture 1.95 mg/ml) as employed in the principal experi- 
mental series. 

The velocity of ATP formation was not measurably diminished by the addition 
of ATP (final concentration 10 M) and it is estimated that, if ATP acts as a 
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Fic. 2.—Reciprocate plot of the reaction velocities found from Fig. | 


for the determination of Ag and the maximal velocity (ks x B) of 
creatine kinase. 
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competitive inhibitor, the inhibitor constant A, must be in considerable excess 
over 10~> [when 1 + (10-°/K,) ~ 1, then K, > 10°]. That, accordingly, the 
binding of ATP to CPase is negligible was shown experimentally by the demonstra- 
tion that the luminescence in response to ATP is identical in the presence and 
absence of CPase (provided that the CPase solution is sufficiently clear so that its 
turbidity does not attenuate the light). 

Kinetics of myosin-ATPase: As this will be discussed at length in the following 
paper, it suffices to state that the drop in light emission upon the addition of 
myosin in the absence of CP and CPase at different concentrations of ATP has 
been used to determine the Michaelis constant (1 to 2 & 10~*) and the maximal 
velocity (6.0 X 10—'' moles per ml per second for 0.1 per cent myosin) in the en- 
vironment described. 

The Binary Enzyme System.—In the principal experiments of this work, we have 
studied the changes in concentration of free ATP during the approach to a steady 
state in the two-enzyme system : 

myosin-AT Pase 


ATP —————— ADP + P (A) 
CPase 
ADP + PC +ATP+C (B) 
wherein the ADP is continually rephosphorylated to ATP in reaction (B) to the 
extent that it is formed in reaction (A) (compare Mommaerts and Hanson‘). { 

We shall make use of the simplification that in reaction B, CP is present in such 
excess (in proportion to the velocity of its breakdown, as limited by the low velocity 
of reaction A), that during the time of observation the CPase remains saturated with 
CP to a constant degree, so that only its dependence upon the ADP concentration 
needs to be considered. 

The following notations will be used: 

A,B: the total molar concentrations of myosin and CPase, respectively. 

ks, kp: the breakdown constants, commonly called k3; (or sometimes k»), for 
these enzymes; hence, k, A and kg B represent the maximal velocities, commonly 
called V,,, for these enzymes. 

K4,Kx,: the Michaelis constants, (ko + k3)/ky, or (kK-1 + ke)ky for these enzymes. 

a,b: the concentrations of free ATP and free ADP, respectively. 

a4*,b,*: the concentrations of ATP and ADP, respectively, bound to myosin. 

ag*,b,*: the concentrations of ATP and ADP, respectively, bound to CPase. 

a: the total ATP concentration added. 

Hence: @=a+b+a,4* + ba* + ap* + bp*. 

Negligible quantities: Not all the components contributing to a in the last 
formulation are preponderant, and we shall show that the following can be neglected. 

b4*. While ADP acts as a competitive inhibitor for myosin, it does so largely by 
virtue of its Ca-binding power; its actual affinity toward myosin is quite small.?? 
Irom the basic equation for competitive inhibition, 


(A — ay* — ba*)b 


o." 


K, = 


we obtain b4* = (A — a,4*) b/K,; whenb < K,, and estimate, with a likely value 
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of K; ~ 10K4,2* that b,* ~ 0.1 bas A ~ K, in our experiments, and is, therefore, a 
negligible second order quantity. 

a,*. As has been indicated under the heading “‘kinetics of creatine phosphory]- 
transferase,” this quantity is likewise negligible. Also, this conclusion can be 
arrived at by calculation. As ag* = (B — b*) a/K; when a << K,, K; > Ky, 
(= 7X 10~‘), and B = 24 X 10-* M, (for 2 mg per ml; mol. wt. = 80,000 ac- 
cording to Kuby, Noda and Lardy"), ag* < 0.03a. 

bz*. Since this is equal to Bb/(Kg + 6), and since B = 24.10-*, and Kz = 
7.10~4, bg* = 0.03 b, and is a negligible second order quantity. 

The steady state: 1t results from the foregoing section that 


@a=a+b+a,* 


while the determination of a4* is the purpose of the investigation. This is a 


considerable part of a since a4* = Aa/(K,4 + a), and A is of the order of K,. 
Since @ is set by the experimenter and measured from the blank calibration curve, 
and a is indicated by the measurement, it remains to examine b. 

The steady state level of b is found as follows: 


da k,Aa db kpBb 
and a = . 


ual eee rae er 


and hence, 


“ie ksAK ga 
 ~ baBla + K,) — k,Aa 


Using the values obtained as described in the section Accessory Experiments, one 
obtains the quantities listed in Table 1. 


TABLE 1 
VALUES OF 6 AND OF THE ATP MAINTENANCE RATIO a/(a + 6b) AS A FUNCTION OF a 
FOR 2.5 MG/ML CPASE IN THE SALT MEDIUM (FINAL CONCENTRATION CPASE 2.02 
MG/ML) AND FOR 1 MG/ML MYOSIN FINAL CONCENTRATION AT PH 7.0; a = FREE ATP; 
b = FREE ADP BOTH EXPRESSED IN MOLE PER LITER. 

Ka 1.0 xX 10°° Ka = 2.0 X 10-6 nee 
b a/(a + b) b a/(a + b) 

1.9 xX 107% 0.912 1.05 * 107% 0.950 

3.6 0.928 2.32 0.956 

8 0.945 3.$ 0.962 

74 0.963 g 0.972 

z 0.981 ee 0.984 

6 0.988 9. 0.990 
65 1.0 i 1.0 


It is concluded from Table 1 that under the conditions of our experiments there is 
effective maintenance of ATP, but that b cannot entirely be ignored. That a/ 
(a + b) approaches unity at high values of a is not relevant, since under those condi- 
tions the absolute value of 6 is sizeable, and not necessarily negligible in comparison 
with a4*. We have preferred not to derive a general expression for these factors, 
but to calculate b for individual cases, and apply these data as a correction factor, 
by means of the equation a4* + b = a — a (see the section on Binding curve of 
ATP). In order to have the most favorable conditions, the experiments were 
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performed in a medium of Na-salts instead of K, and with Mg as also required by 
the FF. The actually occurring rates of splitting were very low indeed as in other 


studies in a Na-milieu in the absence of Ca,?* but inasmuch as only a small stoichio- 


metric excess of ATP over myosin is 
present, this would still disappear in 
Whether this activ- 
ity is due to traces of Ca or to a true 


a few seconds. 


functioning of Mg-myosinate as en- 
zyme, although with much lower 
activity than Ca-myosinate, is not 
known. 

Experiments in the Steady State 
Condition.—Description of an exper- 
iment: As is shown in Figure 3, 
shortly after mixing the components 
there was established a fairly con- 
stant light emission with only a 
small and steady decline, and a 
stepwise diminution when, usually 
30 seconds later, in a blank experi- 
ment, Na»SO, solution was injected. 
These curves were reproducible, and 
were used to evaluate the back- 
ground effects of the time decay of 
the FF luminescence, and the dilu- 
the experiments 
The calibration curves, as 


tion factor in 
proper. 
noted before, were determined after 
this addition of NasSO, solution. 
With the addition of myosin, on the 
other hand, there was a greater re- 
duction of the light emission (Fig. 
3), indicative of the ATP binding by 
myosin. 

ATP: 


Binding curve of From 


these experiments, expressing the 


resulting luminescence level I in 
terms of the remaining free ATP 
concentration a, and its diminution 
— AT in terms of a4* by means of 
the calibration curve, plots were 
obtained (lig. 4) for the bound ATP 
versus the free ATP concentration. 
Such experiments have been per- 
formed for various concentrations 
of myosin and ATP at pH 7.0 and 
7.6 with identical results. 


Fig. 3.—Examples of actual tracings recording the 
changes in luminescence in the complete reaction 
medium containing 6 K 10-§ M ATP. In both 
records, the baseline corresponds to zero light inten- 
sity, and the curve starts at the left at its original 
level. Timescale, 5 seconds per division. The 
upper tracing shows the effect of dilution following 
the injection of 0.1 ml 0.3 M NasSO,, 0.01 M Tris 
buffer, and the slow spontaneous decline of the 
luminescence. The lower tracing shows the effect 
of injecting 0.1 ml of 0.1% myosin, the dimunition 
of light due to the binding of ATP, and the estab- 
lishment of the steady state in the binary enzyme 
system. 
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BOUND ATP IN 107§M(a,)* 








db. i 
2 a 





FREE ATP IN 10-®M. (a) 

Fig. 4.—A binding curve for the ATP-myosin 
complex, showing the bound ATP as a function of 
the free ATP. The points are determined experi- 
mentally (myosin concentration 0.166% or 3.96 X 
10-* M) and the solid curve is drawn through them. 
The broken curve is obtained by subtraction of the 
respective values of b, evaluated by calculation as in- 
dicated in the text. 





1162 PHYSIOLOGY: NANNINGA AND MOMMAERTS Proc. N. A. 8. 


In Figure 4, the experimentally obtained binding curve has been corrected for 
incomplete maintenance of the free ATP concentration by calculating b according 
to Table I, taking into account the higher myosin concentration, 0.166 per cent, 
in this particular experiment. The final level of the ATP binding at saturation 
was determined accurately from a plot of a4*/a versus a4*.24 The maximal value, 
n, of a,* found by extrapolation to the abscissa, corresponded to a combination of 
1 mole of ATP with 1 mole of myosin, with an error of a few per cent (Fig. 5). 
From the same data, by extrapolation to the ordinate, A, was found to be 1.6 X 

10-* in good agreement with the 

Michaelisconstant derived from con- 

ventional kinetic measurements!’ as 
mentioned before. 

Does myosin bind luciferin? The 
given presentations have all been 
based upon the assumption that the 
described effects are entirely due to 
ATP binding by myosin. We shall 
now consider whether, in addition, 
a binding of luciferin could also have 
been contributory. This was un- 
likely to be the sole cause, since in 
that case the results would, at con- 





stant myosin concentration, not 
have followed the described depend- 
ence on the ATP concentration but 
would, instead, have shown a con- 
MOLES /MOLE » ° ° 
MYOSIN stant fractional diminution of the 

7 f > 7 . +i * ee 5 » rey 
Fig. 5.—Plot of the function a4/a versus a*4. |yminescence for each ATP concen- 
The points were taken from the dotted curve in : ‘ ‘ 
Figure 4, and therefore, corrected for the effect of the tration. It was found desirable, 
b factor, as indicated in the legend to Fig. : rhe however, to examine experimentally 
line is straight, as required by theory, and it inter- ‘ 
cepts with the abscissa and the ordinate, respectively, whether any part of the effects 
yield the maximum binding value n, and n Ka. In could have resulted from that con- 
this experiment the myosin concentration was 3.96 j : i 

10~*, and n is found to be 4.02 « 10°°. tingency, by testing whether myosin 

can bind luciferin. 

The luciferin used for that purpose was prepared” by extraction of dried firefly 
lanterns with water for 10 min at 80°C, acidification to pH 3.5, extraction into 
ethylacetate, vacuum evaporation of the solvent, and dissolution of the residue in 
water at pH 7.0. The product was characterized by its fluorescence at pH 6.5 
and 11.9." It was established that in our FF preparations the luminescent intensity 
was only weakly enhanced by adding luciferin to double or triple the original 
concentration, as determined by fluorescence measurement, so that sizeable degrees 


of binding would be required to give effects comparable to those observed. 

The possible binding of luciferin was investigated by incubating luciferin or FF 
with myosin, precipitation of the latter by dilution, and removal by centrifugation. 
Luciferin was determined in the supernatant solution by its fluorescence, and was 
found to be undiminished. Also, a luciferin solution of a concentration as found in 
FF was added (0.4 ml) to 10 ml or 0.1 per cent myosin in the usual medium, and 5 
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ml of this was dialyzed against 5 ml of water for 48 hr. In that time, dialysis 
had come to equilibrium as judged from a similar experiment without myosin, and 
also in the myosin experiment the inside and outside luciferin concentrations, 
determined fluorometrically, were identical within the limits of error. No evidence 
was, therefore, obtained of any binding of luciferin by myosin. Hence, the phenom- 
ena under investigation were neither wholly, nor partly, due to such binding. 
Discussion.—The results communicated in this paper provide a direct deter- 
mination of the stoichiometric ratio in which ATP and myosin combine. Earlier 
estimations of this proportion by authors mentioned in the introduction were all of a 
preliminary nature and tended to give too low a value for the myosin equivalent, 
partly due to ATP hydrolysis (even in the experiments with rapid recording tech- 
niques by Tonomura et al.6 which otherwise constituted a greatly improved ap- 
proach to the problem), partly because there was no way to distinguish between 
free and total ATP. Previously*: * on the basis of measurements in a binary enzyme 
system, we have found that | mole of ATP interacts with 504,000 grams of actomyo- 
sin, which presumably contained 400,000 to 450,000 grams of myosin, and recently 


Tonomura and Morita” came to a similar value by an extrapolation procedure. 
Now, the reaction with one mole of pure myosin has been directly observed. 

The direct demonstration that 1 mole of ATP reacts with about 420,000 grams of 
myosin is in excellent accord with the currently accepted value of the molecular 


weight of this protein. This result was obtained by Mommaerts and Aldrich!® 
from studies on the approach to equilibrium sedimentation and diffusion on pure 
myosin, while von Hippel eé al.”° obtained a similar value for the lightest component 
in an unfractionated myosin actomyosin mixture and for myosin. 

The finding of one enzymatic site per myosin molecule agrees with Gergely’s 
result that myosin binds | mole of pyrophosphate” (but see Tonomura and Morita”* 
for a deviating report), and is in line with the situation in several other enzymes, 
such as chymotrypsin and trypsin (quoted by Dixon and Webb”), enolase®® and 
acyldehydrogenase.*® It also invites a comparison with the univalent interaction 
between ATP and G-actin.*! 

The direct demonstration of ATP binding by pure myosin gives rise to several 
further comments. In work on the ATP effect upon actomyosin, it had not been 
rigorously excluded that actin rather than myosin might have been the recipient 
protein.*? This decision has now been brought, and is furthermore in accord with 
the finding,** that F-actin acts as a competitive inhibitor for myosin-ATPase. 
More explicitly than in the work on ATP effects upon actomyosin, the present 
measurements would also detect any binding-of ATP by myosin on sites not enzy- 
matically active or not involved in the interaction with actin. Therefore, our re- 
sult is unfavorable to the assumption by Morales’)*4 that myosin is multivalent 
for ATP and, upon combination with a number of ATP molecules, acquires a con- 
siderable diffusely distributed negative charge, leading to extension or to con- 
traction. This difficulty has, meanwhile, been recognized by Morales® as well. 
We cannot rigorously exclude that additional ATP-binding at nonenzymatic sites 
might occur at much higher concentrations, but this would then imply that those 
complexes would have a much higher dissociation constant. 

Kinetic aspects of the myosin-ATP combination will be discussed in the subse- 
quent paper. '* 
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APPENDIX: THE RECORDING OF LUMINESCENCE IN THE ENZYME SYSTEM 
By M. O. SCHILLING 
DEPARTMENT OF MEDICINE, THE UNIVERSITY OF CALIFORNIA AT LOS ANGELES 


The photometer is of a type similar to commercially available instruments such as the Photovolt. 
It consists of a self-contained high voltage power supply for the 1P21 photomultiplier and a 
direct-coupled amplifier capable of driving a 0-200 uA meter and a chart recorder (Fig. 6). The 
gain of the amplifier is adjustable in accurate decade steps with a maximum sensitivity of 10~9 
amp full scale which corresponds to ap- 
proximately 107! lumens. Although the 
1P21 was selected from a large number for 
maximum sensitivity and minimum noise, 
during operation at 25°C. the noise was 
still sufficient to require some reduction in 
bi ca the bandwidth of the amplifier. This was 
7 accomplished by placing a capacitor in 
shunt with the microammeter. 
| The photometer head (Fig. 7) was built 
largely from available parts resulting in a 
relatively inefficient optical system. This 
A-PHOTOMETER HEAD was improved to a degree by coating the 
6 - 1,000 V 0.C. REGULATED POWER SUPPLY interior of all parts except the cuvette 
z Beton aa chamber with Linde Sapphire A. Ideally 
—E-METER the cuvette and the photomultiplier should 
Fic. 6.—Block diagram of photomultiplier pho- occupy a chamber with reflecting walls, 
tometer and recording equipment. but the described arrangement (in which 
it is estimated that 15 to 20 per cent of the 
light reaches the photocell) had a sensitivity and signal-noise ratio sufficient for the present work. 





ea ~ 





Summary.—A methodology has been developed by which the concentration of 
ATP in a reaction system is continuously measured by recording the light emitted 
by the firefly luciferase-luciferin system. When in such a system, also containing 
phosphocreatine and creatine kinase, myosin is introduced, the decrease in 
luminescence is due to the binding of ATP by myosin, since the system could be 
so designed that all other factors were negligible. 

The enzyme-substrate binding takes place in a one to one molar ratio. 


* The substance of these investigations was presented at the Federation meeting at Atlantic 
City, April, 1959. This work was carried out with support of grants from the Life Insurance 
Medical Research Fund and from the National Heart Institute (Grant No. H-3067) of the Na- 
tional Institutes of Health. 

t Scholar of the Sister Elizabeth Kenny Foundation. 

t The following abbreviations are used throughout this paper: ATP (adenosinetriphosphate) ; 
ADP (adenosinediphosphate); CP (creatine phosphate); C (creatine); ATPase (adenosinetri- 
phosphatase); CPase (creatinekinase or creatine phosphoryltransferase); FF (partly purified 
firefly extract, containing luciferase and luciferin); M (myosin). 

§ We are indebted to Mr. Alfred Wallner for the majority of these preparations and Kjeldahl 
analyses. 

We are indebted to Dr. G. D. Novelli, Oak Ridge National Laboratories, for generous gifts 
of dried fireflies. 

| Reaction B is an equilibrium reaction, but since at pH 7.0 it occurs predominantly as written,”! 
the influence of its reversal has been ignored. There is experimental justification for this, since 
we never observed a reduction of the steady-state level of ATP when the reaction was continued 
for far longer times than the usual periods of observation. 

‘ Mommaerts, W. F. H. M., Studies Inst. Med. Chem. Szeged. 1, 37(1942). 

2 Mommaerts, W. F. H. M., J. Gen. Physiol., 31, 361 (1948). 
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Fic. 7.—Cross-sectional view of the photometer head assembly. 
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KINETIC CONSTANTS OF THE INTERACTION BETWEEN MYOSIN 
AND ADENOSINETRIPHOSPHATE* 


By L. B. NanninGcAt AND W. F. H. M. MoMMAERTS 


DEPARTMENT OF MEDICINE (THE LOS ANGELES COUNTY HEART ASSOCIATION CARDIOVASCULAR RE- 


SEARCH LABORATORY), THE UNIVERSITY OF CALIFORNIA AT LOS ANGELES 
Communicated by H. W. Magoun, May 24, 1960 


In the preceding paper,' we have indicated how in a multienzyme system 
consisting of firefly luciferase and luciferin, creatine phosphoryltransferase, phos- 
phoryl creatine and adenosinetriphosphate,? it is possible to determine the binding 
of ATP which ensues upon the addition of myosin to the system. It was demon- 
strated that one molecule of myosin binds one molecule of ATP. In the present 
work, we have applied the same methodology to the study of additional kinetic 
properties of the system, namely the formation constant /; of the enzyme-substrate 
complex, and, in the absence of a rephosphorylating enzyme, the Michaelis con- 
stant K, and the decomposition constant k;. The determination of K, and k; 
is always possible by conventional enzyme kinetic approaches; the direct deter- 
mination of K, from a binding curve, as mentioned in the previous article, and the 
determination of k; as presented here, are possible only under special circumstances 
such as those provided by our methodology. The results will, among others, per- 
mit an interpretation of the nature of K,4, which in turn has a bearing upon some 
aspects of the theory of muscle contraction. 

Methods.—All the methods employed were the same as those described in the 


preceding paper.!| When the various constants were to be interrelated, they were 
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determined on the same myosin preparation and as much as possible on the same 
day, as the enzymatic properties of myosin are known to change with age.’ 
In general the variation between the individual determinations was small. All 
the measurements reported were performed in the medium described before,! 
but some experiments were done in solutions of different composition. In all 
vases, there was a predominance of Mg ions, so that the rate of ATP splitting was 
much lower than under circumstances usually chosen for the study of myosin- 
ATPase. The constants obtained apply only to the specified media; they may be 
representative for Mg-inhibited myosin-ATPase at pH 7.0 in general, but are 
certainly not valid for other conditions. 

Results.—The direct determination of kz; and K4 of myosin-ATPase: These con- 
stants were determined in the traditional way in a single enzyme system without 
rephosphorylation of the hydrolyzed substrate. This was done by recording the 
luminescent intensity after the addition of myosin to the usual reaction system from 
which CP and CPase were omitted. As is shown in Figure 1, such experiments 
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Fic. 1.—Time course of ATP hydrolysis by myosin, followed 
by recording the luminescence, after injection of 0.1 ml of myosin 
into the reaction mixture without CP and CPase (lower curve), 
as compared to the time course of luminescence after injection of 
0.1 ml of 0.8. M Na»SO,, 0.01 M Tris buffer solution (blank, upper 
curve). Initial ATP concentration 2.32 « 10~* M, myosin con- 
centration 1.90 X 10-¢ M. The upper curve indicates at any 
time the luminescent intensity corresponding to the original con- 
centration of ATP, the lower curve records the concentration of 
the remaining free ATP in the reaction mixture. 





show an initial rapid drop due to the binding of ATP, followed by a slower decrease 
ascribed to its hydrolytic splitting. When the ATP concentration is high, this 
phase approaches a stationary state well enough to permit an estimation of the 
reaction velocity from a straight line approximation as indicated in Figure 1. 
The dependence of the reaction velocity upon the substrate concentration was 
evaluated in the usual manner, as illustrated in Figure 2. Since in the experiments 
designed for the determination of these constants the myosin concentration was 
low, i.e. 0.32 X 10~-* MV or about one tenth of that employed in the binding studies, 
the difference between total and free ATP concentrations was neglected. The 
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following values are representative and were obtained in experimental series in 
which also k; was determined: k; = 2.57 X 10-2 see“! and Ky = 1.25 K 107° M. 

The alternative estimation of ATP binding: While the binding curve describing 
the interaction between ATP and myosin is best obtained by studies in the multi- 
enzyme system,! it can also be obtained from curves such as those of Figure 1, 
by extrapolating back to the moment of mixing. Inasmuch as this involves a 
somewhat arbitrary extension of the time curve of hydrolysis, which is not linear 
at low ATP concentrations, the results are arbitrary and not reliable. At higher 
ATP concentrations, on the other hand, the time course approaches linearity, 
but the proportion of bound ATP becomes small and the results inaccurate. Such 
experiments have served to confirm the order of magnitude of the quantities dis- 
cussed in the preceding paper, but will not be described in detail. 

The determination of K4 from the binding curve: While this has been presented 

detail in the preceding paper,' it may be reiterated that the determinations along 
this line have given values be- 
tween 1.1 and 1.6 X 10~*, de- 
pendent on the preparation, in 
agreement with the results ob- 
tained from traditional kinetic 
determinations. 

The determination of ky: 
This was primarily performed 
in the multienzyme system by 
study of the rate of diminution 
of the luminescent intensity 
upon the addition of myosin, 
at several initial ATP concen- 

i n trations (Fig. 3). In the first 
2 3 
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approach, our conclusions were 
based upon evaluation of the 
Fic. 2.—Reciprocate plot of the velocity of ATP hy- initial reaction velocity, ob- 
drolysis as a function of substrate concentration. This tained after correction of the 
nae it the following santiies: Yo (88 yf records for the depression due 
, V/M = CoO Lome x 10 wee! to dilution, as obtained from 
3.23 X 10% a blank experiment.' The re- 
corded curve is thus changed 
into a direct plot of the free ATP concentration as a function of time, as in Figure 4. 
This initial velocity is equal to k:Aa. The following protocol? illustrates the course 
of a calculation: A = 3.96 X 10-*M; a@ = 2.96 X 10-*M; a= 1.10 KX 10-*° M 
in the steady state, as measured from the final level of luminescence; a* = @ — a = 
1.86 X 10-6 VW in the steady state, which is the concentration of the enzyme- 
substrate complex; K4 = a(A — a*)/a* = 1.24 XK 10-* M. Initial velocity 
of enzyme-substrate complex formation, k;A@ = 2.51 & 10~" moles per ml per sec., 
obtained from a plot of the free ATP concentration as a function of time (Fig. 5). 
Hence, k; = 2.14 & 10* mole~! see~!. Examples of k; values obtained in this 
manner at different initial ATP concentrations are listed in Table 1, and a figure 
of ky = 2.1 & 10‘ mole~! sec~! was aecepted as the average of all experiments. 
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TABLE | 
DETERMINATION OF ky FROM THE INITIAL VELOCITY OF COMBINATION 


a { |d(a@ — a*)/dt| 
molar molar m. moles per ml per sec ki, mol~! see! 


5.56 & 107° 3.96 X , 0.57 K 10°° 2.13 X 104 
96 X 10 3.96 X . 0.25 X 107§ 2.14 X 10 
06 X 10°6 3.96 X , 0.16 K 10~° 1.96 * 10* 
16 X 1078 3.96 , 0.10 XK 1076 2.20 X 104 

TABLE 2 


A(a —a*) 


Da 
~ a* a* A — a*® a(A — a*) log ¢ log g/t 


io” 0 3.96 1o-* 1.0 0 

1O~* 0.99 x 10° 2.$ 4e he 0.888 -0.052 —0.0104 
3 ig 1.32 * 1076 2.6¢ a 0.834 —0.079 —0.0105 
10~* 1.52 x 107° 2.4: Tt 0.788 —(Q. 104 —0.0104 
ig”? 1.66 x 107° 2.¢ Se 0.756 —(Q). 122 —0 .0098 


Average: —0.0102 


ki = [2.303 XK (—0.0102) 1.0 X 10~*)] 2.35 X 10* sec! mole 


Alternatively, we have also interpreted the entire course of the combination 
reaction in the multienzyme system by application of the bimolecular reaction 
equation: 


log A(a@ — a*)/a@(A — a*). 


Experimentally, one obtains @ — a* = a at any time ¢ from the time course of the 
luminescent intensity. This procedure gave constant values for k; for reaction times 
up to about 15 seconds but showed a drift toward the end of the reaction, as the 
equilibrium is being approached. A set of actual calculations is given in Table 2. 
The individual results obtained with this method have been in good agreement with 
those of the first procedure described in this section. 

Determination of k, without rephosphorylating enzyme: It is obvious that, in 
principle, for the first mentioned determination of k; one can also employ experi- 
ments without rephosphorylating enzyme and reservoir substrate. Since in this 
case the effect of ATP splitting adds itself rapidly to that of binding, experience 
has to decide whether this method is equally serviceable, and permits a satisfactory 
determination of the initial slope. We found this to be the case and, without 
describing this in further detail, report that the figures so obtained were identical 
with those mentioned above. 

Observations in other media: While the given data all apply to measurements in 
the medium originally selected for this work, characterized by a concentration of 
Na-ions of 0.64 M, 0.02 M Mg ions, 0.04 M arsenate and 0.30 M sulfate, some ex- 
periments have also been done in systems of a different composition, after it was 
realized that those too permit the application of the luciferin-luciferase method. 
Replacement of arsenate by 0.005 M phosphate buffer, and of Na- by K-ions, had 
no sizable effect on the activity. The addition of Ca-ions up to twice the amount of 
Mg present did not increase k; measurably, in agreement with the studies of Mom- 
maerts and Seraydarian* on the Mg-Ca antagonism. 

Effect of aging upon myosin-ATPase: In general, our observations were made 
with myosin preparations from about the second day after their preparation, and 
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kept at 0°C with a drop of chloroform. The enzymatic activity is reasonably 
stable for several weeks after the initial one or two days. Eventually, inactivation 
occurs, and preliminary studies have indicated that this is largely due to a diminu- 
tion of the number of active molecules as indicated by the ATP binding capacity 
while presumably k; remains constant if related to the remaining active enzyme. 











2.96 x 10-6 
° 

Fic. 3.—Examples of experimental records of the 
approach to a stationary state of ATP maintenance 
in the multienzyme system. Myosin concentration 
3.96 « 107-6 M, ATP concentrations as indicated 


under the individual curves. Time seale 5 see per 
horizontal division 


it may be considered that in muscle the 


Discussion.—The possibilities of 
determining the Michaelis constant 
of a one-substrate enzyme other- 
wise than from conventional kinetic 
studies, and of determining k, except 
if it were of an unusual order of 
magnitude, are limited to cases per- 
mitting special methods of observa- 
tion, such as in the spectrophoto- 
metric work of Chance* on the 
kinetics of heme enzymes. It is of 
interest, therefore, that by the pre- 
sent work such studies have now 
been extended to myosin, the more 
so since the interpretation of its 
kinetic constants has a direct bear- 
ing upon current theoretical views 
regarding the mechanism of muscu- 
lar contraction. 

Because of methodological con- 
siderations, this study has been 
restricted to observations in media 
which permit only a low enzymatic 
activity on the part of myosin, and 
which during most of the work 
were unphysiological on account of 
their arbitrary electrolyte composi- 
tion. As stated before, additional 
studies with K- instead of Na-ions, 
and without arsenate, all at the same 
0.02 M Mg-concentration, and also 
with less Mg, all gave similar reac- 
tion rates. It is felt, therefore, that 
the results obtained give a reason- 
able impression about the constants 
that may be valid in vivo as far as 


myosin alone is concerned. Aside 


from these limitations, however, 


ATP concentration is of the order 


of 5 X 1Q-* M, the myosin concentration 0.25 K 10~* M, and that, with K,4 of the 
order of 10~® as found in these studies, myosin would be fully saturated with its 


substrate if this has free access. 
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It will first be observed that, with 7F 
satisfactory accuracy, an identical K, 4 
value has been obtained from traditional ) 
kinetic measurements, and from binding 
studies in the stationary state of a mult- 
iple enzyme system. In the latter case, 
too, K4 = (ke + k3)/ki, since the fact 
that ATP is restored by a rephosphoryl- 
ating enzyme does not enter into the 
equation for the myosin-catalyzed split- 
ting reaction, as it represents merely an 
artifice to keep the ATP concentration 
constant. 

The separate determination of k; and 
ks enables us to calculate the contribu- 
tion of k;/k; to the Michaelis constant. 

Since, with a large number of individual oe ee 

é : Fig. 4.—Evaluation of experimental curves 
myosin preparations, there was some (as shown in Fig. 3) by plotting the free ATP 
variation among the constants, this is concentration as a function of time. Myosin 
best done for sets of data obtained to- eo cage tg teat By he = pr prt 

rations are indicated by the intercept of each 

gether on one sample. As such, we curve with the ordinate; the initial velocities 
quote K, = 1.25 X 10-*, k, = 2.1° Xx san Popa Ec indicated for each of the in- 
104, kj = 2.57 & 10-2, and hence k3/k; 
= 1.22 X 10~*, leaving for k./k; only a share of 0.03 X 10~, or less than 3 per cent, 
in the magnitude of K4. Even considering the possible spread of error, we would 
exclude kz to be more than 0.1 k;, and it might be much less. Hence, K, definitely 
does not represent the equilibrium constant Kp. Previously, Green and Mommaerts® 
had concluded that for Ca-activated myosin, K, is likewise dominated by ks, since 
K, and k; change in a parallel fashion as a function of the Ca-concentration (cf. 
Tonomura, Watanabe, and Yagi®), but it was not excluded that at low reaction rates 
K, might approach Kp. This was, indeed, concluded by Ouellet, Laidler, and 
Morales,’ and parts of their and later theoretical considerations have been based 
upon the identity of K4 as an equilibrium constant. In view of our results, Kp 
must be less than about 107’, giving a standard free energy of binding of at 
least —9,700 cal., fully comparable to the energy of splitting. According to 
Nanninga,® fare = 0.06 at this ionic strength; Kp = Kp app. X [(fare X fu) 
(fu — ATP)] ~ Kp app. X farp, under the assumption that the activity 
coefficient for myosin and for its ATP complex are equal. This would enable us to 
estimate the standard free energy of binding of ATP to myosin as — 14,900 cals. 
per mole. At any rate the range of possible values for AF° lends considerable 
force to the opinion advanced by Mommaerts® ' and elaborated by Morales,'! '* 
that this binding reaction may be of crucial significance for the energetics of 
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muscular activity. 

Even this estimate of the free energy of binding may be too low, from the follow- 
ing point of view. From an analysis of the Ca-activation of myosin-ATPase, 
Nanninga'® concluded that Ca-myosinate is the active enzyme and free ATP the 
substrate, and that Ca-ATP is an inactive substance. Presumably, the same 
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applies to the Mg-ATP studied in this paper, and for that matter to the Na- and 
K-complexes. If in the present work only ATP*~ were the substrate, the compe- 
tition for this union between Mg-myosinate (M) and Mg, Na, and H-ions would 
have to be considered: (M-ATP) = K,*-M-ATP = K,-M (ATP + MgATP + 
NaATP + HATP) = K,-M-ATP (1 + kaMg; + k’gNay + ka”H), in which ky, 
k,’, and k,” are the association constants for the Mg, Na, and H complexes for 
ATP, K,* and K, the true and apparent association constants of the myosin-ATP 
complex, and Mg, and Na, the free Mg and Na concentrations, in this case con- 
sidered equal to their total concentrations due to their large excess. Using the 
values k, = 20,000, k,’ = 10 and k,” = 10*°, we obtain k,* = K, (1 + 20,000 X 
0.02 + 10 X 0.6 + 108° & 10-7) = 408. (The values for k,’ and k,” are taken 
from Melchoir.'® For kz, there 
are widely divergent values ‘in 
the literature; our current in- 
Yt vestigations lead to the figure 
used here.) Therefore, the free 
energy effect is 3,600 calories 
higher than the apparent con- 
stant valid when the total ATP 
is considered to be reactive. 
This value becomes another 
1,600 calories higher if cogni- 
zance is taken of the activity 
coefficient of ATP. 
A direct indication for the sig- 
nificance of the binding reaction 
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in certain phenomena follows 
from a consideration of the 
velocity of myosin-ATP com- 
10 plex formation as compared to 
4 <i di a See the velocity of splitting in the 
Fic. 5.—The formation of enzyme substrate complex, Iti ee cae ‘alli 
ES, of reaction product P and, of ADP, for the first ™U ti-enzyme system. Calling 
phase of a reaction, during which the stationary state upon the numerical example 
with respect to ES and ADP in the binary enzyme system 
is approached. 














used for the calculation of k; 
(page 1,169), one finds for the 
steady state velocity of enzyme-substrate formation k;\(@ — a*) (A — a*) = 
4.9 X 10~' moles per ml per sec, and this equals the steady state velocity of break- 
down of this complex, (k2 + k;)a*. The considerations given before regarding 
the proportion of k, to k; imply that each enzyme-substrate complex molecule 
formed will break down almost exclusively by decomposition into the reaction 
products, rather than by redissociation. However, during the approach to the 
stationary state starting from the moment of mixing, complex formation and de- 
composition are not in step. In Figure 5, there are given plots of the formation of 
complex (a*) and of product (f('ksa*dt). It is evident that the former process starts 
at maximal velocity, while the splitting starts at zero speed, and reaches its steady 
state velocity when the maximal level of a* is attained. While the accurate course 
of the curves in Figure 5 applies to the given example only, the principle is of 
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general applicability. It was found by Mommaerts and Hanson" that the dis- 
sociation of actomyosin by ATP starts instantly at maximal velocity, and indeed 
its course resembles that of the formation of the enzyme-substrate complex, while 
Tonomura, Watanabe and Yagi® have determined k;, for the effect of ATP upon the 
turbidity of actomyosin, and found values similar to ours. Hence, as has been 


°. 8 actomyosin dissociation is caused by the 


expressed before more intuitively,®: ! 
binding, not by the splitting of ATP. It would be of importance to examine this 
same question for the contraction of actomyosin fibers or myofibrils, taking the 
effect of diffusion into account, but the data required thereto are not available. 


Summary.—Using the previously developed methodology of following the free 
ATP concentration in a multienzyme system composed of myosin with a rephos- 
phorylating enzyme and a reservoir substrate, or with myosin only, we have deter- 
mined individual kinetic constants for myosin-ATPase: k; = 2.1 X 104, ks = 
2.57 X 10-* and K4 = 1.25 X 10~*. It is derived that K4 is practically equal to 
k;/k, and is, therefore, not an equilibrium constant. The standard free energy 
effect of the binding reaction is, therefore, even greater than would be the case if 
the Michaelis constant were an equilibrium constant, and exceeds a value of 11,000 
calories per mole. It is further derived that the effect of ATP upon dissolved acto- 
myosin is due to its binding, not to its splitting, but no data are available to analyze 
this question for the case of the contraction of actomyosin systems. 


* This work was carried out with support of grants from the Life Insurance Medical Research 
Fund and from the National Heart Institute (Grant No. H-3067) of the National Institutes of 
Health. 

+ Scholar of the Sister Elizabeth Kenny Foundation. 

t The abbreviations and notations used in the text are the same as those employed in the pre- 
ceding paper. However, since no binding of reactants other than to myosin is considered, cer- 
tain subscripts can be omitted; thus, a* stands for a4*. 

§ See footnotet above. 
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